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The 64th Castings Congress and Foundry Show of 
the \merican Foundrymen’s Society was held in 
Philadelphia, May 9 to 13, 1960. Exhibits of 249 
companies were displayed in the floor area of the 
Philadelphia Exhibition Hall. 

The Metalcasting and allied industries were repre- 
sented by over 12,400 men who attended from 
throughout the United States and 16 countries outside 
of continental United States. 

Over 100 papers were presented at 56 technical 
sessions, which included 7 popular shop courses and 
seminars and 7 round table luncheons. The Charles 
Edgar Hoyt Memorial Lecture was delivered by 
W. J. Grede, Chairman of the Board, Grede Found- 
ries, Inc., Milwaukee, on the subject “Where do 
We go from Here?” and is published starting on 
page 273 of this volume. 

A summary of the sessions held follows: 


MONDAY, MAY 9 
7:30 am — Authors-Chairmen Breakfast 


9:30 am — Brass and Bronze Session 
Presiding —J. E. GorHermpce, Foundry Services, Inc., Berea, 
Ohio. 
A. L. Procror, Bethlehem Steel Co., Bethlehem, 
Pa. 

Secretary — C. R. KNosetocu, R. Lavin & Sons, Inc., Chicago. 

Formation of Dispersions in Molten Copper by Mechanical 
Mixing, D. N. WiLuiaMs, J. W. Roserts and R. I. JAFFEE, 
Battelle Memorial Institute, Columbus, Ohio. 

Fluidity of 85-5-5-5 and Composition “M” Metal, R. A. 
RosENBERG, H. D. Bropy and F. C. MONKMAN, Jr., Wal- 
worth Co., South Braintree, Mass. 

Solidification Conditions for Maximum Density and Mechani- 
cal Properties in 85-5-5-5 Castings, Brass & Bronze Re- 
search Progress Report sponsored by AFS Training and 
Research Institute, R. A. FLInn and H. KUNSMANN, Uni- 
versity of Michigan, Ann Arbor. 


9:30 am — Light Metals Session 
Presiding —R. W. Huser, U.S. Naval Research Laboratory, 
Washington, D.C. 
J. G. Kura, Battelle Memorial Institute, Colum- 
bus, Ohio. 
Secretary — W. E. Lussy, E. I. DuPont de Nemours & Co., Inc., 
Wilmington, Del. 

Inclusion Identification in Magnesium Alloy Castings, B. 
Lacowski and W. A. PoLLarD, Department of Mines and 
Technical Surveys, Ottawa, Ont., Can. 

Casting Ordnance Type Titanium Parts, H. McCurpy, Bat- 
telle Memorial Institute, Columbus, Ohio and H. ANTEs 
and R. E. Epecman, Frankford Arsenal, Philadelphia. 

Factors Contributing to the Soundness of Titanium Castings, 
J. W. SmirH and T. A. Hamm, Oregon Metallurgical 
Corp., Albany, Ore. 


9:30 am — Malleable Session 
Presiding — C. R. SORENSEN, National Malleable & Steel Cast- 
ings Co., Cicero, IIl. 
E. A. OvpFieLp, Chicago Malleable Castings Co., 
Chicago. 
Secretary — R. W. MclIntosH, Belle City Malleable Iron Co., 
Racine, Wis. 
White Iron Growth During Malleablizing, N. R. KELLey and 
B. A. Ruepicer, General Electric Co., Shelbyville, Ind. 
Mn-Mo Alloyed Pearlitic Malleable Iron Hardenability, Re- 
port of Pearlitic Malleable Committee, R. W. HEINE, 
University of Wisconsin, Madison. 


PROCEEDINGS SUMMARY OF 64th ANNUAL MEETING 


9:30 am — Pattern Session 
Presiding — J. M. Kreiner, National Malleable & Steel Cast- 
ings, Co., Cleveland. 
R. L. Orson, Dike-O-Seal, Inc., Chicago. 
Secretary — J. F. Roru, Cleveland Standard Pattern Works, 
Cleveland. 
Nickel Carbonyl Pattern Equipment, J. O. Trimsie, Carbonyl 
Products Div., The Budd Co., Philadelphia. 
Electroforming for Pattern Construction and Repair, P. J. 
RITZENTHALER, Plating Engineering Corp., Milwaukee. 


12:00 Noon — Malleable Round Table Luncheon 
Presiding — E. WELANDER, John Deere Malleable Works, East 


Moline, Ill. 
B. C. YEARLY, National Malleable & Steel Castings 


Co., Cleveland. 
D. L. LAMarcue, Jr., American Malleable Cast- 
ings Co., Marion, Ohio. 
Are We Measuring Up? H. J. Hetnz, Malleable Founders’ So- 
ciety, Cleveland. 


2:00 pm — Brass and Bronze Session 
Presiding — J. D. ALLEN, JRr., Federated Metals Div., American 
Smelting & Refining Co., Newark, N.J. 
R. C. Stokes, Crown Non-Ferrous Foundry, Inc., 
Chester, Pa. 
Secretary — W. M. Spear, Worthington Corp., Harrison, N.J. 
Copper-Base Casting Alloys, Section thickness, gas content and 
directional solidification effect on mechanical properties, 
J. O. Epwarps and D. A. Wurrraker, Department of 
Mines and Technical Surveys, Ottawa, Ont. Can. 
Cast 70/30 Cupro-Nickel Inherent Characteristics, B. F. SHEP- 
HERD, Ingersoll-Rand Co., Phillipsburg, N.J. 


2:00 pm — Pattern Session 
Presiding — W. E. Mason, Westinghouse Air Brake Co., Wil- 
merding, Pa. 
H. W. Mess, John Deere Planter Works, Moline, 


Ill. 

Secretary — D. T. Kinpt, The Kindt-Collins Co., Cleveland. 

New Materials for Wood Patternmaking, R. LEMAstER, Nel- 
son Pattern Co., Milwaukee. 

Shaw Process Patterns Principles and Production, 1. LUBALIN, 
Shaw Process Development Corp., Port Washington, 
N.Y. and R. J. CHRISTENSEN, Wisconsin Pattern Works, 
Inc., Racine. 


4:00 pm — Brass and Bronze Seminar 
Presiding — F. L. Rippett, H. Kramer & Co., Chicago. 
C. E. Mutter, Ingersoll-Rand Co., Phillipsburg, 
N.J. 
Salvage and Repair of Copper-Base Alloy Castings 
Impregnation, C. BEHEN, Metallizing Co. of America, 
Chicago. 
Weld Repair of Aluminum and Manganese Bronzes, 
E. Garriott, Ampco Metal, Inc., Milwaukee. 
Weld Repair of Tin Bronzes, J. MIkULAK, Worthington 
Corp., Harrison, N.J. 


4:00 pm — Sand Session 
Presiding —R. H. Otmstep, Whitehead Bros., N.Y. 
C. A. Roseck, Gibson & Kirk Co., Baltimore, Md. 

Secretary — G. DiSyLvestro, American Collgid Co., Skokie, Ill. 

Parashrinkage Phenomena: Veining, Metal Penetration, Scab- 
bing, Hot Tearing, D. C. WmLiaMs, Ohio State Univer- 
sity, Columbus, Ohio. 

Sand Angularity and Shape Factors, Surface area measure- 
ments and experimental relationships, G. J. Vincas and 
A. H. Zrimsek, Magnet Cove Barium Corp., Arlington 
Heights, Ill. 

Canadian Non-Ferrous and Iron Foundry Sahd Practice Sur- 
vey, Report of AFS Sand Div. Canadian Committee 8-Y, 
A. E. Murton, Department of Mines and Technical 
Surveys, Ottawa, Ont., Can. 
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8:00 pm — Sand Shop Course 
Presiding — L. E. Witz, Lynchburg Foundry Co., Lynchburg, 
Vv 


a. 
T. W. Seaton, American Silica Sand Co., Ottawa, 
Ill. 
New Horizons in Sand Practice 
Green Sand, C. M. EserHarpr, Central Foundry Div., 
General Motors Corp., Danville, Il. 
Air Setting Binders, D. N. RosENBLATT, American Found- 
ry & Machine Co., Salt Lake City. 
Shell Molds, W. C. CaPEHART, Monsanto Chemical Co., 
Springfield, Mass. 


8:00 pm — Malleable Shop Course 
Presiding — J. W. BeckHAM, Texas Foundries, Inc., Lufkin. 
R. J. FRANcK, Superior Steel & Malleable Castings 
Co., Benton Harbor, Mich. 
Secretary — J. L. Firrz. Central Foundry Div., General Motors 
Corp., Saginaw, Mich. 

Demonstration Showing Various Elements Accounting for 
Casting Failure, C. R. Baker, Albion Malleable Iron 
Co., Albion, Mich. 

Demonstration Showing Casting Replacing a Poorly Designed 
Stamping, J. L. Fitz, Central Foundry Div., General 
Motors Corp., Saginaw, Mich. 

Need for Direct Communication between Foundrymen and 
Designer, H. J. Henge, Malleable Founders’ Society, 
Cleveland. 

Discussion of Design Engineers’ Terms, J. B. Caine, Cincin- 
nati. 

How Lacquer Coatings Are Used for Stress Analysis, R. A. 
Jouns, Belle City Malleable Iron Co., Racine, Wis. 
Scrap Reduction through Better Design, J. W. BeckHaM, 

Texas Foundries, Inc., Lufkin. 

The Big Difference, motion picture. 

Summation of the Shop Course, R. J. FRANCK, Superior Steel 
& Malleable Castings Co., Benton Harbor, Mich. 


TUESDAY, MAY 10 
7:30 am — Authors-Chairmen Breakfast 


9:30 am — Brass and Bronze Session 
Presiding — A. W. BARDEEN, Ohio Brass Co., Mansfield, Ohio. 
R. F. Scumipt, Ajax Metal Div., H. Kramer & Co., 
Philadelphia. 

Secretary — W. H. Barr, Research and Development Labora- 

tory, Fort Belvoir, Va. 

Shell Molded Test Bars for Tin Bronz Casting Alloys, Ap- 
plicability to evaluation of melt quality, S. GoLpsPrEL, 
E. W. CHrzANn and M. L. Foster, New York Naval Ship- 
yard, Brooklyn. 

High Manganese Nickel Aluminum Bronze Casting Charac- 
teristics, G. H. BrapsHaw, M. M. KENNeEpy and S. H. 
Dorn, Philadelphia Naval Shipyard, Philadelphia. 

New Techniques in Degassing Copper Alloys, R. J. COoOKsEY 
and R. W. Rupoie, Foundry Services, Inc., Columbus, 
Ohio. 


9:30 am — Malleable Session 
Presiding — C. F. JosepH, Central Foundry Div., General Motors 
Corp., Saginaw, Mich. 

P. F. Utmer, Link-Belt Co., Indianapolis. 
Secretary — L. R. JENKINs, Wagner Castings Co., Decatur, III. 
Heavy White Iron Sections Melt Additions Effects on Mottling 

Tendency, 2d Research Progress Report on Investigation 
of Casting Heavy Section Malleable Iron, Part I, spon- 
sored by AFS Training & Research Institute, C. R. 
Loper, Jr. and R. W. Heine, University of Wisconsin, 
Madison. 

Melt Additions Effects on White Iron Annealability, 2d Re- 
search Progress Report on an Investigation of Casting 
Heavy Section Malleable Iron, Part II, sponsored by 
AFS Training & Research Institute, C. R. Lopsr, Jr., 
R. W. HEINE and J. WARING, University of Wisconsin, 
Madison. 

9:30 am — Pattern Session 
Presiding — M. K. Younc, U.S. Gypsum Co., Chicago. 


N. C. Jones, New York Air Brake Co., Watertown, 
N.Y. 


Secretary — D. C. Harrman, Cove Pattern Works, Inc., Cleve 

land. 

Pattern and Core Box Equipment for Blowing Foundry Sand 
Venting and design, Z. Mavacey, Beardsley & Piper Di 
Pettibone-Mulliken Corp., Chicago. 

Plastic Patterns New Tools and Materials, F. Koper, Ob, 
Metal Fibers, Inc., Toledo, Ohio. 


9:30 am — Safety, Hygiene and Air Pollution Session 
Presiding —K. M. Smrru, Caterpillar Tractor Co., Peoria, 1); 
R. L. McItvaing, National Engineering Co., Ch 
cago. 
Secretary —H. J. Werner, American Foundrymen’s Socie‘, 
Des Plaines, Ill. 
Dust Collector Review, D. G. STEPHAN, U.S. Dept. of Healt: 
Education and Welfare, Cincinnati. 
Loss Prevention through Accident Prevention, G. A. Rie) 
American Brake Shoe Co., New York. 
It’s Up to You, motion picture. 
An Eye for an Eye, J, E. O’Nem, National Society for the 
Prevention of Blindness, New York. 
Low Volume High Velocity Exhaust Systems, motion picture 


9:30 am — AFS Institute Trustees 


12:00 Neon — AFS Board of Directors Luncheon and 
Business Meeting 


12:00 Noon — Brass and Bronze Round Table Luncheon 
Presiding — E. F. Tispits, Wollaston Brass & Aluminum Found- 
ry, Inc., Quincy, Mass. 
R. R. AsHiey, Detroit Controls Div., American 
Standards Co., Monroe, Conn. 
What’s Ahead for the Copper-Base Alloy Foundry Industry, 
N. A. Bircu, National Bearing Div., American Brake 
Shoe Co., St. Louis. 


12:00 Noon — Pattern Round Table Luncheon 
Presiding — J. M. KRenER, National Malleable & Steel Cast- 
ings Co., Cleveland. 
R. L. Onson, Dike-O-Seal, Inc., Chicago. 
Marketing Patterns, S. C. Massari, American Foundrymen’s 
Society, Des Plaines, Ill. 


2:00 pm — Education Session 
Presiding — J]. Toru, Harry W. Dietert Co., Detroit. 
J. L. Leacn, University of Illinois, Urbana. 
Secretary — B. L. Bevis, Caterpillar Tractor Co., Peoria, Ill. 
Fabrication Methods Evaluation, J. G. FRaNTzreB, Caterpillar 
Tractor Co., Peoria, Ill. 


2:00 pm — Gray Iron Session 
Presiding — C. F. Watton, Gray Iron Founders’ Society, Cleve- 
land. 
H. E. HENperson, Lynchburg Foundry Co., Lynch- 
burg, Va. 

Secretary —H. E. BARNuM, Variadium Corp. of America, De- 

troit. 

Microstructural Changes upon Tempering of Nickel Chromi- 
um White Iron at 400 F, J. R. MiHauisin and R. D. 
SCHELLENG, International Nickel Co., Bayonne, N.J. 

Gray Cast Iron Charpy Impact Test and Impact Modulus, 
A. DrSy, University of Ghent, Ghent, Belgium. 


2:00 pm — Industrial Engineering & Cost Session 
Presiding — W. E. Boswett, Glamorgan Pipe & Foundry Co., 
Lynchburg, Va: 
E. C. Rew, Ford Motor Co. of Canada, Ltd., 
Windsor, Ont., Can. . 
Controlling Costs of Foundry Operations, K. T. RINDERLE, 
Farrell-Cheek Steel Co., Sandusky, Ohio. 
Job Evaluation — Asset or Liability?, A. G. McNicHOL, Can- 
ada Iron Foundries, Ltd., Toronto, Ont., Can. 


2:00 pm — Steel Session 
Presiding — W. M. Spear, Worthington Corp., Harrison, N.J. 
I. B. Exman, International Nickel Co., Bayonne, 
NJ. 








Secretary — R. L. Lorp, Wehr Steel Co., Milwaukee. 

Oxygen Gas Burner Use for Scrap Meltdown in the Small Arc 
Furnace, V. J. Howarp, Oklahoma Steel Castings Co., 
Tulsa, Okla. 

Alloy 20 Stainless Steel Production and Mechanical Proper- 
’ ties, L. Fink, Electric Steel Foundry Co., Portland, Ore. 


2:00 om — Light Metals Session 
Presiding — D. L. LAVette, American Smelting & Refining Co., 
South Plainsfield, N.J. 
J. W. Meter, Department of Mines & Technical 
Surveys, Ottawa, Ont., Can. 

Secretary — R. E. EDELMAN, Frankford Arsenal, Philadelphia. 

Short Time Elevated Temperature Properties of Premium 
Quality Magnesium Castings, W. GRONVOLD, Boeing Air- 
plane Co., Seattle. 

Porosity Free Magnesium Alloy Castings Thermal Require- 
ments, R. D. GreEN, The Dow Chemical Co., Midland, 
Mich. 

Premium Quality Magnesium Castings for Missile Applica- 
tion, Techniques for producing, M. C. FLEMINGS, E. J. 
Porrier and H. F. Taytor, Massachusetts Institute of 
Technology, Cambridge. 


4:00 pm — Gray Iron Session 

Presiding — J. Varca, JR., Battelle Memorial Institute, Colum- 

bus, Ohio. 

K. G. Presser, Buckeye Foundry Co., Cincinnati. 
Secretary —R. A. CLarK, Union Carbide Metals Co., Div. of 
Union Carbon Corp., Cleveland. 

Feeding Distance of Risers for Gray Iron Castings, Research 
Progress Report, sponsored by AFS Training & Re- 
search Institute, G. K. TURNBULL, H. D. MERCHANT and 
J. F. WaALLAcz, Case Institute of Technology, Cleveland. 

Lining-Less, Water-Cooled Cupola Operating Experience, 
M. E. ROLLMAN and D. J. Pusack, Cincinnati Milling 
Machine Co., Cincinnati. 


4:00 pm — Light Metals Session 
Presiding —W. E. Sicha, Aluminum Co. of America, Cleve- 


land. 
J. G. Mezorr, The Dow Metal Products Co., Div. 
of The Dow Chemical Co., Midland, Mich. 
Secretary — H. RosENTHAL, Frankford Arsenal, Philadelphia. 
Aluminum Alloy Test Bar Casting Temperature Effect on 
Properties, J. W. Meter and A. Couture, Department of 
Mines and Technical Surveys, Ottawa, Ont., Can. 
Rigging Al-7 Mg Alloy Castings, J. G. Kura and W. H. Joun- 
SON, Battelle Memorial Institute, Columbus, Ohio. 
Magnesium Foundry Practice Developmenis, J. G. House, The 
Dow Metal Products Co., Div. of The Dow Chemical 
Co., Bay City, Mich. 


4:00 pm — Malleable Session 
Presiding — O. K. HUNSAKER, Dayton Malleable Iron Co., Day- 
ton, Ohio. 
W. L. OLsEN, JR.; Wagner Castings Co., Decatur, 
Ill. 
Secretary — A. R. LinpGREN, Magnaflux Corp., Chicago. 
Malleable Straightening Dies. 
Straightening Dies for Malleable and Pearlitic Malleable 
Castings, R. E. Evsea, Central Foundry Div., General 
Motors Corp., Saginaw, Mich. 
Hay Conditioner, Case Die, Twine Needle, L. E. SUTTON, 
John Deere Malleable Iron Works, East Moline, Ill. 
Crankshaft, Rear Spring Seat, Transmission Fork, W. L. 
OLSEN, JR., Wagner Castings Co., Decatur, IIl. 
Differential Case Die, Carrier Die, Spring Hanger, N. 
Zitra, Auto Specialties Mfg. Co., St. Joseph, Mich. 
Straightening Dies, O. K. HUNSAKER, Dayton Malleable 
Iron Co., Dayton, Ohio. 


4:00 pm — Sand Session 
Presiding — W. R. Moccripce, Canada Iron Foundries, Ltd., 
Toronto, Ont., Can. 
E. C. Troy, Pennsylvania Electric Steel Castings 
Co., Hamburg, Pa. 
Secretary — S. Wick, New Jersey Silica Sand Co., Millville, N.J. 
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Apparent Thermal Conductivity of Molding Sand at Elevated 
Temperatures, D. H. Wxrrmore and Q. F. INGERSON, 
Northwestern University, Evanston, Ill. 

Molding Sand Control by Green Compressive and Green 
Shear Strengths Testing, R. W. Heine, University of 
Wisconsin, Madison and J. S. SCHUMACHER and E. H. 
Kine, Hill & Griffith Co., Cincinnati. 

Sampling of Sand, Report of Grading, Fineness and Distri- 
bution Committee (8-F), AFS Sand Division. 


7:00 pm — Canadian Dinner 


Presiding — A. J. Moore, Canadian Bronze Co., Ltd., Mon- 
treal, Que., Can. 


7:00 pm — Sand Dinner 

Presiding —V. Rowe, Archer-Daniels-Midland Co., Cleve- 

land. 

On Foundry Production in the U.S.S.R., YLIAN A, NEKHENDZI, 
Head of Chair of Foundry Production, Leningrad Poly- 
technic Institute, Leningrad, U.S.S.R., presented by 
D. C. WituiaMs, Ohio State University, Columbus, Ohio. 


8:00 pm — Gray Iron Shop Course 

Presiding — H. H. Wiper, Vanadium Corp. of America, Chi- 

cago. 
W. W. Howpen, Pickands Mather and Co., Cleve- 

land. 
E. J. Burke, Hanna Furnace Corp., Buffalo, N.Y. 
Fundamental Behavior of Gray Iron — Iron, Carbon, Silicon — 
Their Behavior, Mode of Solidification, Influence on 
Fluidity, H. L. WomocHEL, Michigan State University, 

East Lansing, Mich. 


8:00 pm — Malleable Shop Course 
Presiding — W. C. TRUCKENMILLER Albion Malleable Iron Co., 
Albion, Mich. 
Melting Materials and Procedures. 
Silvery Pig Iron vs. Ferrosilicon and Ferromanganese vs. 
Spiegel, H. T. SHEPPARD, Belle City Malleable Iron 
Co., Racine, Wis. 
Typical Cold Charge and Charge Cost, J. W. CLARKE, 
General Electric Co., Erie, Pa. 
Malleable Pig vs. Steel Scrap, C. M. EperHarpr, Central 
Foundry Div., General Motors Corp. 
Hot Blast vs. Cold Blast, N. Littypeck, Modern Equip- 
ment Co., Port Washington, Wis. 
Northern vs. Southern Coke, W. E. JAESCHKE, Whiting 
Corp., Harvey, Il. 


WEDNESDAY, MAY 11 
7:30 am — Authors-Chairmen Breakfast 


9:30 am — AFS Annual Business Meeting 
Presiding — AFS President CHARLEs E. NELSON 


President Nelson called upon General Manager 
Maloney who reported on the nomination of Of- 
ficers and Directors for the coming year, and stated 
that no additional nominees had been received in 
accordance with the procedure prescribed in Art. XI 
of the Society By-Laws. He therefore cast a unami- 
mous ballot of the membership of AFS for the elec- 
tion of the following: 

President (to serve one year): 
Norman J. Dunseck, International Minerals & Chemical Corp., 
Skokie, Ill. 


Vice-President (to serve one year): 
ALBERT L. Hunt, Superior Foundry Co., Cleveland. 


Directors (to serve three years): 

R. R. AsHxiey, American Radiator & Standard Sanitary Corp., 
Cincinnati. 

A. E. Fak, Centrifugal Casting Co., Long Beach, Calif. 

W. C. Jerrery, McWane Cast Iron Pipe Co., Birmingham, Ala. 

T. T. Luoyp, Albion Malleable Iron Co., Albion, Mich. 

J. T. Moore, Wells Manufacturing Co., Skokie, Ill. ' 

W. E. Sicua, Aluminum Co. of America, Cleveland. 

D. E. Wessrer, American Laundry Machinery Co., Rochester, 
N.Y. 
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Director (to serve one year): 
C. E. Netson, The Dow Chemical Co., Midland, Mich. 
E. C. Jerer, Ford Motor Co., Dearborn, Mich., was elected as 
Director to succeed L. J. Pedicini who resigned. 


The winners of the 1960 Robert F. Kennedy Ap- 
prentice Contest were: 


Wood Patternmaking 
Ist —ApAM Kraverz, Progress Pattern Co., Detroit, Mich. 
2nd—Ron KoeHNie, Reliable Pattern Works Co., Bedford 
Heights, Ohio. 
38rd — Duane Garn, Campbell Pattern Co., Santa Fe Springs, 
Calif. 


Metal Patternmaking 
Ist — Cuartes D. Lee, Caterpillar Tractor Co., Peoria, Ill. 
2nd — R. J. Sekava, Ford Motor Co., Berea, Ohio. 
$rd — J. PuszyKowsk1, Chevrolet-Saginaw Gray Iron Foundry 
Div., General Motors Corp., Saginaw, Mich. 


Iron Molding 
Ist — Arvo TYNILAINEN, John T. Hepburn Co., Ltd., Toronto, 
Ont., Can. 
2nd — Ropney R. KUYKENDALL, Caterpillar Tractor Co., Peoria, 
Il. 
3rd — MaALcotm Snyper, Atlas Foundry & Machine Co., Ta- 
coma, Wash. 


Steel Molding 
Ist — James C, Leinss, Maynard Electric Steel Casting Co., 
Milwaukee. 
2nd — James E. Girt, Jr., Dodge Steel Co., Philadelphia. 
3rd — STEPHEN Baicu, Clark Equipment Co., Buchanan, Mich. 


Non-Ferrous Molding 
lst — Perer Durpen, Eck Foundries, Inc., Manitowoc, Wis. 
2nd — Louis McKee, Eck Foundries, Inc., Manitowoc, Wis. 
38rd — DENNIS M. JENNIGEs, Puget Sound Naval Shipyard, Brem- 
erton, Wash. 


President Nelson called upon Past President Dur- 


din to present the AFS Service Citations and Awards 
of Scientific Merit. 


The AFS Service Citation 
WILLIAM M. BALL, Jr., R. Lavin & Sons, Inc., Chicago. 
Vicror E. ZaNG, Unicast Corp., Toledo, Ohio. 


The Award of Scientific Merit 
Grorce P. HALLIweL_L, H. Kramer & Co., Chicago. 
Grorce A. Timmons, Climax Molybdenum Co., Detroit. 


10:30 am — Charles Edgar Hoyt Memorial Lecture 
Where do We go from Here?, W. J. GrepE, Chairman of the 
Board, Grede Foundries, Inc., Milwaukee. 


12:00 Noon -—— Management Development Luncheon 
and Session 
Presiding — L. H. Durbin, Dixie Bronze Co., Birmingham, Ala. 


Realistic Depreciation for Foundry Equipment, R. MACNABB, 
Machinery and Allied Products Institute, Washington, 
D.C. 


12:00 Noon — Joint Light Metals and Die Casting 
Round Table Luncheon 
Presiding — F. C. BENNETT, The Dow Metal Products Co., Div. 
of The Dow Chemical Co., Midland, Mich. 
J. G. Mezorr, The Dow Metal Products Co., Div. 
of The Dow Chemical Co., Midland, Mich. 
The Aluminum Engine. 

The Designer looks at the Aluminum Engine, B. J. 
MITCHELL, General Motors Corp. Technical Center, 
Detroit. 

The Foundryman looks at the Aluminum Engine, J. 
SmirH, Aluminum Co. of America, Cleveland. 


2:00 pm — Gray Iron Session 
Presiding —H. W. Lownig, Jr., Battelle Memorial Institute, 
Columbus, Ohio. 
W. C. Jerrery, McWane Cast Pipe Co., Birming- 
ham, Ala. 
Secretary — B. I. Stern, Lakey Foundry Corp., Muskegon, 
Mich. 


Cast Iron Heat Treatment, P. H. Drom, Jr., Lynchburg 


Foundry Co., Lynchburg, Va. 

Hypoeutectic Gray Cast Iron Ladle Additions, D. D. M: 
Grapy and H. L. WoMOcHEL, Michigan State Universit, 
East Lansing; C. L. LANGENBERG, Oldsmobile Div., Gen 
eral Motors Corp., Lansing, Mich.; and D. J. Harve) 
General Motors Research Laboratory, Detroit. 

Inoculation Effect on Risering of Gray Iron, Research R« 
port, sponsored by AFS Training & Research Institute, 
H. D. MERCHANT and J. F. WALLACE, Case Institute of 
Technology, Cleveland. 


2:00 pm — Plant Equipment Session 
Presiding — J. THoMson, East Chicago, Ind. 
H. W. JoHNson, Wells Mfg. Co., Skokie, III. 
Secretary — W. B. HueEtsen, Caterpillar Tractor Co., Peoria, 
Ill. 

Shell Mixing Processes and Equipment, For quality control of 
resin coated sand, J. ALBANESE, Acme Resin Co., Forest 
Park, Ill. 


2:00 pm — Steel Session 
Presiding — W. A. Koppt, International Nickel Co., New York. 
S. E. Woxosin, Lebanon Steel Foundry, Lebanon, 
Pa. 
Secretary — H. L. Kurtz, Empire Steel Casting Co., Reading, 
Pa. 

Centrifugally Cast Steel Tubing Properties and Applications, 
E. D. McCautey, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 

Surface Defects on Shell Molded Castings, R. W. HEINE, Uni- 
versity of Wisconsin and J. A. BEHRING, The Vollrath 
Co., Sheboygan, Wis. 

Management by Objective, R. W. Witson, American Hoist & 
Derrick Co., St. Paul, Minn. 


3:00 pm — Die Casting and Permanent Mold Session 
Presiding — G. T. Piper, Hoover Co., North Canton, Ohio. 
R. J. Moser, Singer Mfg. Co., Elizabethport, N.]. 

Secretary — W. F. Scumipt, Western Electric Co., Chicago. 

Ultra High Pressure Casting, J. L. Reiss and E. C. Kron, 
Doehler-Jarvis Div., National Lead Co., Toledo, Ohio. 

Die Casting Die Steels Heat Treatment and Related Prob- 
lems, A fundamental review, D. R. EDGERTON and N. O. 
Kates, Lindberg Steel Treating Co., Melrose Park, IIl. 

Corrosion-Fatigue in Two Hot Work Die Steels, D. N. Wi- 
LIAMS, M. L. Konn, R. M. Evans and R. I. JAFFEE, Bat- 
telle Memorial Institute, Columbus, Ohio. 

Molten Metal Handling in Die Casting Plants, V. D. SWEENEY, 
Metal Pumping Services, Inc., Cleveland. 


4:00 pm — Industrial Engineering and Cost Session 
Presiding — J]. A. WEsTovER, Westover Corp., Milwaukee. 
J. Taytor, Norris & Elliott, Inc., Columbus, Ohio. 
Industrial Engineering in the Foundry Industry, M. T. SELL, 
Sterling Foundry Co., Wellington, Ohio. 
Work Measurement for Pour and Shakeout, R. S. CAscIARI, 
Lebanon Steel Foundry, Lebanon, Pa. 


4:00 pm — Sand Session 
Presiding — R. H. Jacosy, St. Louis Coke & Foundry Supply 
Co., St. Louis. 
E. H. Berry, Dodge Steel Co., Philadelphia. 

Ramming and Clay Content Effect on Hot Compression 
Strength of Molding Sand, R. W. Hetne and W. SHAW, 
University of Wisconsin, Madison and J. S. SCHUMACHER 
and E. H. Kine, Hill & Griffith Co., Cincinnati. 

Phenolic Resin Bond in Solid Sand Cores, H. K. SALZBERG 
and J. J. Greaves, Borden Chemical Co., Bainbridge, 
N.Y. 


4:00 pm — Stee! Session 
Presiding — C. K. Donono, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 
R. L. Lorp, Wehr Steel Co., Milwaukee. 
Secretary — E. W. O’Brien, Oklahoma Steel Castings Co., 
Tulsa. 
Heat Treatment of Mn-V-Mo Age Hardenable Austenitic 
Steel, N. C. Howeits and E. A. Lance, U.S. Naval Re- 
search Laboratory, Washington, D.C. 
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Impact Resistance of Nickel Manganese Cast Steels, 1. B. 
ELMAN and R. D. ScHELLENG, International Nickel Co., 
Bayonne, N.J. 

Hizh Strength Steel Homogenizing Treatments Effect on 
Structure, Properties and Transformations, A. M. Ay- 
VAZIAN, Watertown Arsenal, Watertown, Mass., and M. C. 
FLEMINGS and H. F. TAytor, Massachusetts Institute of 
Technology, Cambridge. 


7:00 pm — AFS Annual Banquet 
Presiding — AFS President CHARLES E. NELSON 


The AFS Annual Banquet was called to order by 
President Nelson. Presentation of AFS Gold Medal 
Awards was made as follows: 


The William H. McFadden Gold Medal 
Awarded to SAMUEL F. Carrer, JRr., American Cast Iron Pipe 
Co., Birmingham, Ala. . . .“For exceptional contributions to 
AFS and the castings industry in the fields of cupola melt- 

ing, electric steel melting and control.” 


The Thomas W. Pangborn Gold Medal 
Awarded to WALpEcK W. Levi, Consulting Metallurgist, Rad- 
ford, Va. . . .“For outstanding contributions to the Society 
and the ferrous castings industry in the fields of cupola 

metallurgy, research and operations.” 


The Joseph S. Seaman Gold Medal 
Awarded to THERON D. Stray, Reynolds Metals Co., Cleveland 
. .“For outstanding technical contributions to the Society 
and the light metals industry over many years, particularly 
in alloying and casting.” 


Following the presentation of awards, President 
Nelson introduced the guest speaker of the evening, 
Dr. BERGEN Evans, Prof. of English, Northwestern 
University, Evanston, Ill. Dr. Evans subject was 
“Where do We go with Brains?” 


THURSDAY, MAY 12 
7:30 am — Authors-Chairmen Breakfast 


9:30 am — Die Casting and Permanent Mold Session 
Presiding — C. B. Curtis, Maytag Co., Newton, Iowa. 
J. Cako, Bendix Foundries, Bendix Aviation Corp., 
Teererboro, N.J. 
Secretary — N. SHEPTAK, The Dow Metal Products Co., Div. of 
The Dow Chemical Co., Midland, Mich. 
Aluminum Alloy Die Casting, Outline of British practice, 
R. R. Woopwarp and H. J. Prorrirr, High Duty Alloys, 
Ltd., Buckinghamshire, England — officially sponsored 
by Institute of British Foundrymen. 
Low Pressure Die Casting, E. C. Lewis, Alumsac, Ltd., North- 
hamptonshire, England. 
Low Pressure Permanent Mold Casting of Aluminum, D. J. 
FLYNN, Chevrolet Div., General Motors Corp., Massena, 
N.Y. 


9:30 am — Ductile Iron Session 
Presiding — C. K. Donono, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 
G. KruMmvaur, Republic Steel Corp., Cleveland. 
Secretary — H. E. BARNUM, Vanadium Corp. of America, De- 
troit. 
Ductile Iron Quality Control Methods, symposium, G. F. 
Tuomas, Deere & Co., Moline, Ill., D. L. Crews, James 
B. Clow & Sons, Inc., Coshocton, Ohio, S. F. Levy, H. P. 
Deuscher Co., Hamilton, Ohio and H. W. Rur, Grede 
Foundries, Inc., Milwaukee. 


9:30 am — Fundamental Papers Session 
Presiding — M. C. FLeminGs, Massachusetts Institute of Tech- 
nology, Cambridge. 
S. Lipson, Frankford Arsenal, Philadelphia. 
Secretary — L. H. WaLKeRr, International Nickel Co., New 
York. 
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Solidification of Aluminum Casting Alloys, R. E. Spear and 
G. R. Garpner, Aluminum Co. of America, Cleveland. 

Precision Casting Mold Materials, W. G. Lawrence, Alfred 
University, Alfred, N.Y. 

Grain Refinement of Copper, G. C. Goutp, G. W. Form and 
J. F. Watxace, Case Institute of Technology, Cleveland. 

Nonferrous Binary Alloys Hot Tearing, R. A. ROSENBERG, 
M. C. FLeMINGs and H. F. Taytor, Massachusetts In- 
stitute of Technology, Cambridge. 


9:30 am — Steel Session 
Presiding —- L. Fink, Electric Steel Foundry Co., Portland, Ore. 
W. M. Spear, Worthington Corp., Harrison, N.J. 
Secretary — I. B. ELMAN, International Nickel Co., Bayonne, 
N.J. 

Stainless Steel Arc Melting Practice, §. E. WoLosin, Lebanon 
Steel Foundry, Lebanon, Pa. 

Quality Acid Steel Practice Economics, C. F. CHRISTOPHER, 
Blaw-Knox Co., East Chicago, Ind. 

Basic Oxygen Steelmaking, Its possible future in the steel 
foundry, F. E. VANVoris, Union Carbide Metals Co., 
Div. of Union Carbide Corp., Cleveland. 


12:00 Noon — Joint Gray and Ductile Iron 
Round Table Luncheon 
Presiding — H. H. Witprr, Vanadium Corp. of America, Chi- 
cago. 
W. A. Wricut, Woodruff & Edwards, Inc., Elgin, 
Ill. 
Scrap Metal for Iron Foundry Use, W. S. Story, Institute of 
Scrap and Steel, Washington, D.C. 


12:00 Noon — Past Presidents’ Luncheon 
Presiding — C. E. Netson, The Dow Chemical Co., Midland, 
Mich. 


12:00 Noon — Steel Round Table Luncheon 
Presiding — D. N. RosenBLatt, American Foundry & Machine 
Co., Salt Lake City. 
J. A. Rassenross, American Steel Foundries, East 
Chicago, Ind. 

Nonmetallic Macroinclusion Causes in Steel Castings De- 
oxidized with Aluminum, Research Progress Report, 
sponsored by AFS Training & Research Institute, Part I, 
L. H. VANViAcK and R. A. FLINN, University of Michi- 
gan, Ann Arbor and G. A. CoLuican, United Aircraft 
Corp., East Hartford, Conn. 

Reactions between Refractories and Molten Steel Containing 
Aluminum, Research Progress Report, sponsored by 
AFS Training & Research Institute, Part II, L. H. VAN- 
Viack and R. A. FLInN, University of Michigan, Ann 
Arbor. 


2:00 pm — Die Casting and Permanent Mold Session 

Presiding — A. B. DERoss, Kaiser Aluminum & Chemical Sales, 

Inc., Chicago. 
B. J. Murray, Jr., Apex Smelting Co., Chicago. 

Secretary — P. D. Frost, Battelle Memorial Institute, Colum- 

bus, Ohio. 

Aluminum Casting Alloys Properties Improvement by Grain 
Refining, K. ScHNempeR, Aluminiumwerke Nuernberg 
G.m.b.H., Nuernberg, Germany. 

Aluminum Alloy with High Silicon Content, E. E. STONE- 
BROOK, Aluminum Co. of America, Cleveland. 


2:00 pm — Ductile Iron Session 
Presiding —D. Matrer, Ohio Ferro Alloys Corp., Canton, 
Ohio. te 
S. Carter, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 
Secretary —K. W. McGratu, Metallurgical Associates, Inc., 
Cambridge, Mass. 
Influence of Nickel up to 37 Per Cent and Silicon up to 3 
Per Cent on the Eutectic Carbon Content of Cast Iron, 
R. D. ScHELLENG, International Nickel Co., Bayonne, 
N.J. 
Manufacture and Quality Control Methods for Shell Molded 
Ductile Iron Castings, H. C. Grant and A. A. ADAMs, 
Ford Motor Co., Dearborn, Mich. 
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2:00 pm — Symposium on Solidification 
Presiding — R. C. ScuNnay, Canada Iron Foundries, Ltd., Tor- 
onto, Ont., Can. 
W. K. Bock, National Malleable & Steel Castings 
Co., Cleveland. 

Secretary — G. C. Goutp, Case Institute of Technology, Cleve- 

land. 

Solidification of Metals, general principles, G. W. Form and 
J. F. Wattace, Case Institute of Technology, Cleveland. 

Solidification of Steel Castings, C. W. Briccs, Steel Founders’ 
Society of America, Cleveland. 

Solidification of Cast Iron, C. K. Donono, American Cast 
Iron Pipe Co., Birmingham, Ala. 

Solidification of Aluminum Castings, M. C. FLEMINGs, S. Z. 
UraM and H. F. Taywtor, Massachusetts Institute of 
Technology, Cambridge. 

Solidification of Copper Alloys, R. W. Ruppie, Foundry Serv- 
ices, Inc., Columbus, Ohio. 

Solidification of Metals, A summary, W. K. Bock, National 
Malleable & Steel Castings Co., Cleveland. 


4:00 pm — Gray Iron Session 

Presiding — M. H. Horton, Deere & Co., Moline, Ill. 

H. N. Bocart, Ford Motor Co., Detroit. 

Secretary — N. P. Liatyseck, Modern Equipment Co., Port 

Washington, Wis. 

Hot Blast in Gray Iron Melting, symposium, W. J. SOMMER, 
The Plainville Casting Co., Plainville, Conn., D. B. 
ZiecLer, W. O. Larson Foundry Co., Grafton, Ohio, 
T. Gutszczak, Central Foundry Div., General Motors 
Corp., Defiance, Ohio and R. L. DEKKER, J. B. Clow & 
Sons, Inc., Bensenville, Ill. 


4:00 pm — Sand Session 
Presiding — O. J. Meyers, Reichhold Chemicals, Inc., White 
Plaines, N.Y. 
H. W. Meyer, General Steel Castings Co., Granite 
City, Il. 

Secretary — J. O. OcHsNeR, Crouse-Hinds Co., Syracuse, N.Y. 

Density — Sand Grain Distribution Effect on Physical Prop- 
erties, T. W. Seaton, American Silica Sand Co., Inc., 
Ottawa, IIl. ; 

Shatter Test Use for Controlling Clay-Bonded Sand, W. B. 
ParKEs and R. G. Goppinc, British Cast Iron Research 
Association, Birmingham, England — officially sponsored 
by B.C.LR.A. 

Systematic Approach to Sand Design and Control, A prog- 
ress report, A. H. ZRIMsEK and G. J. VinGas, Magnet 
Cove Barium Corp., Arlington Heights, III. 


4:00 pm. — Steel Session 
Presiding — H. L. Kurtz, Empire Steel Casting Co., Reading, 
Pa. 
E. W. O’Brien, Oklahoma Steel Castings Co., 
Tulsa. 
Secretary — W. A. Koppt, International Nickel Co., New York. 
Castings for Replacement of Forgings and Fabrications at 
High Strength Levels, H. H. Harris, General Alloys Co., 
Boston. 
Austenitic Manganese Steels, Some metallurgical factors in- 
fluence, T. E. NorMAN, D. V. DoANE and A. SOLOMON, 
Climax Molybdenum Co. of Michigan, Detroit. 


6:00 pm — Alumni Dinner 
Presiding — L. H. Durnin, Dixie Bronze Co., Birmingham, Ala. 


8:00 pm — Ductile Iron Shop Course 

Presiding — A. J. FrutcHi, James B. Clow & Sons, Inc., Co- 

shocton, Ohio. 

Methods of Alloying, panel discussion, R. CARLSON, American 
Cast Iron Pipe Co., Birmingham, Ala., H. E. HENDER- 
son, Lynchburg Foundry Co., Lynchburg, Va. and 
D. SANNER, Cooper-Bessemer Corp., Mt. Vernon, Ohio. 


8:00 pm — Gray Iron Shop Course 
Presiding — D. E. Marruieu, Wysong & Miles Foundry, Inc., 
Greensboro, N.C. 
E. BEYERLEIN, Fuller Mfg. Co., Kalamazoo, Mich. 
K. H. Priesttey, Vassar Electroley Products, Inc., 
Vassar, Mich. 


Fundamental Behavior of Gray Iron, Shrinkage, Mold VY 
Movement, Feeding Distances, Mechanical Properi +s 
and Structure, H. L. WoMocHEL, Michigan State l 
versity, East Lansing, Mich. 


FRIDAY, MAY 13 
7:30 am — Authors-Chairmen Breakfast 


9:30 am — Ductile Iron Session 
Presiding —H. W. Rur, Grede Foundries, Inc., Milwauke 
W. Levi, Radford, Va. 
Secretary — A. S. MELILLI, General Electric Co., Everett, Ma:s. 
Gating and Risering of Ductile Iron, A panel discussion. 
Ductile Iron Composition Effect on Gating and Riser- 
ing Characteristics, J. A. Davis, Battelle Memorial In 
stitute, Columbus, Ohio. 
Green Sand Ductile Iron Castings Gating and Risering, 
J. C. McCartney, John Deere Malleable Works, East 
Moline, Ill. 
Gating and Risering of Ductile Iron Castings Poured in 
Dry Sand Molds, D. M. Marsh, Cooper-Bessemer Co., 
Mt. Vernon, Ohio. 
Shell Molded Ductile Iron Castings Gating and Riser- 
ing, H. O. MertwerHer, Lynchburg Foundry Co., 
Lynchburg, Va. 


9:30 am — Fundamental Papers Session 
Presiding —J. F. Wattace, Case Institute of Technology, 
Cleveland. 
P. J. AHEARN, Watertown Arsenal, Watertown, 
Mass. 
Secretary — R. A. ROSENBERG, Walworth Co., South Braintree, 
Mass. 

Basic-Electric Steels Dephosphorization and Desulfurization 
Kinetics, Some considerations, J. Zoros and E. DeLucca, 
Watertown Arsenal, Watertown, Mass. 

Cast Steel Desulfurization by Calcium Inoculation Improves 
Properties, D. A. CoLLinc and P. J. AHEARN, Watertown 
Arsenal, Watertown, Mass. 

High Strength Cast Steel Structure and Microporosity Effect 
on Mechanical Properties, S. Z. URAM, M. C. FLEMINGS 
and H. F. Taytor, Massachusetts Institute of Tech- 
nology, Cambridge. 

Vacuum Induction Melting High Strength Steels, P. J. 
AHEARN, Watertown, Mass.; P. S. SCHAFFER and M. C. 
FLEMINGS, Massachusetts Institute of Technology, Cam- 
bridge. 


9:30 am — Heat Transfer Session 
Presiding —R. W. Ruppie, Foundry Services, Inc., Columbus, 
Ohio. 
W. K. Bock, National Malleable & Steel Castings 
Co., Cleveland. 
Measurement vs. Calculation of Solidification of Metal in 
Iron Molds, J. D. Ketter, Associated Engineers; and 
N. R. Arant, Roll Manufacturers Institute, Pittsburgh, 
Pa. 
Demonstration of the Analogue Computer, V. PascHkts, Col- 
umbia University, New York. 
Gap Formation in Permanent Mold Castings, J. G. HENZEL 
and J. Keverian, General Electric Co., Schenectady, 
N.Y. 


9:30 am — Sand Session 
Presiding — H. C. Winte, Florence Pipe Foundry & Machine 
Co., Florence, N.J. 
E. C. Zizow, Werner G. Smith, Inc., Cleveland. 
Secretary — F. P. Goerrman, Standard Sand Co., Grand 
Haven, Mich. 

Selected Principles of Soil Mechanics Related to Sand Testing, 
Molds and Cores, D. C. WiLuiAMs, Ohio State Univer- 
sity, Columbus, Ohio. 

Physical and Chemical Conditions Variations Effect on Ben- 
tonite Suspensions Variation, A. J. ANDERSON and G. J. 
Sutton, University of New South Wales, Sidney, Aus- 
tralia. 

Casting Loss Reduction Program, H. W. Dietert, Harry Ww. 
Dietert Co., Detroit. 


5:00 pm — 64th AFS Castings Congress and 
Exposition Officially Closes. 








This report covers overall Administrative and Policy matters 
and is supported by separate reports of the AFS Treasurer, 
Secretary, Technical Director, and by the official audit of the 
Society’s financial books for the year ended June 30, 1960. 


SURVEY OF YEAR 


The fiscal year 1959-60, incorporating a large Exhibit, showed 
excellent recovery from the situation at the close of 1958-59 
which necessitated drastic budget cuts. In fact, the year 1959-60 
produced Excess Income of $151,621, better than the Net In- 
come of $127,479 for the fiscal year 1957-58 which included the 
1958 Convention & Exhibit in Cleveland. 

At the same time, it should be pointed out that a Net In- 
come of $163,200 was budgeted for 1959-60, so that Actual Net 
Income was approximately $11,600 below budget . . . due mainly 
to Actual Net Income of $250,259 on the Exhibit, budgeted at 
$297,600. Space rentals, budgeted at $375,000, totaled $331,065. 

It may be mentioned that the last AFS Exhibit in Philadelphia 
in 1948 produced almost the identical space sales and almost 
the identical attendance that AFS experienced this year in 
Philadelphia. 

Net Income from Mopern CASTINGS increased greatly during 
the past year. In fact, the Net Income earned by the magazine 
exceeds any previous Net Income from MopeRN Castincs. While 
this record undoubtedly was influenced by a rate increase as of 
January 1, the number of advertising pages increased 18.3 per 
cent over the previous year. This upturn is especially encourag- 
ing in view of the fact that many publications showed losses in 
advertising volume during the past 12 months. 

While the financial results from 1959-60 are encouraging, they 
should not be taken as a “green light” for increased expenditures 
all along the line. It was realized a year ago that AFS was 
facing an “austerity” period which undoubtedly would extend 
over several years before the Society could feel free to under- 
take new and substantial expense-producing activities. Actions 
taken by the Board of Directors in 1959 to tighten operations 
and materially improve the Society’s financial position must still 
be maintained, at least through June 30, 1962. Finance Com- 
mittee recommendations bear out this program. 


SUMMARY OF YEAR 


(1) Membership. Net gain of 341 to 12,790. Gross dues $293,902 
or $6,097 below budget. All classes of membership showed 
gains, whereas all classes except Associate and Junior mem- 
berships showed losses the previous year. 

(2) Convention & Exhibit. Gross revenue (both events) $351,000 
or $44,000 below budget. Total Convention & Exhibit Ex- 
pense (direct) $95,100 or $9,100 above budget. Total Net 
Income (both events) $210,100 or $53,900 below budgeted 
total Net Income. 

(3) Mopern Castincs. Display advertising pages 536 or 83 pages 
better than the previous year. Total magazine income (ex- 
clusive of membership subscriptions) $290,700, or $29,500 
better than the previous year. Reader inquiries substantially 
above 1958-59. 

(4) Training & Research Institute. 16 courses held during 1959-60, 
10 courses scheduled for balance of 1960 calendar year. At- 
tendance to date still holding up well, averaging 25 per 
course. Nearly 1400 registrants from nearly 600 separate 
companies since T&RI Courses first presented in July 1957. 
No decision as yet on tax exemption status. 

(5) Buyers Direcrory. First edition completed and mailed Octo- 
ber 1959 with 133 pages of advertising. Total income 
$52,500 or $8,500 below budget. Total direct expense (from 

initiation of Directory) $59,400 or $2,100 over budget. Net 
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Expense $12,900 to-date, compared with budgeted Net In- 
come $3,700. Inventory of 3800 copies still available for sale 
and distribution. 


Membership 


A strong membership promotional campaign is essential in 
1960-61, even though current business conditions may indicate 
that such a campaign might be less than fully effective. It is 
essential that any membership promotional effort now be backed 
up strongly by broader public relations activity, especially to 
bring the extent and value of all AFS activities to the attention 
of foundry management industry-wide. 


Chapters 


The expense of Chapter operations, approximately $75,000 per 
year (direct expense), should be considered in terms of member- 
ship dues revenues. Until dues income can be materially im- 
proved, the expense of Chapter operations should be held at 
least to present or lower levels, and this point should be empha- 
sized to the Chapters in their membership activities. 

As agreed, only one delegate per Chapter was accepted at 
full AFS expense for the 1960 Chapter Officers Conference. Other 
delegates (2 maximum) were accepted, but with transportation 
at Chapter or company expense. As a result, the number of 
Chapter delegates dropped from 96 in 1959 to 80 in 1960, 
although 46 of the 47 Chapters were represented. 


Conventions & Exhibits 


Since the Philadelphia Convention and Exhibit, the General 
Manager has been heavily involved in an attempt to obtain re- 
ductions of Service Charges considered excessive by Exhibitors. 
It is our opinion that numerous excessive charges were made 
and all Exhibitors were requested in early June to notify AFS 
of any Service Charges they considered unreasonable or exces- 
sive. This effort has been carried on in conjunction with the 
Manager of the Philadelphia Convention Hall and the Manager 
of the Philadelphia Convention Bureau. 

Some fairly substantial reductions have been obtained to date, 
and others obtained by Exhibitors acting on their own. The 
General Manager will further report on steps being taken to 
control Exhibit costs in the future. To do so will require many 
discussions with and full cooperation from Service Organiza- 
tions, Convention Halls, Convention Bureaus, Exhibitors and 
Labor. Such negotiations are currently underway with San Fran- 
cisco and Detroit, prior to our signing contracts to hold the 
next two Exhibits in those cities. 


Education 


No Foundry Instructors Seminar was held in 1960, as an 
economy measure. A new film produced by the Education Di- 
vision, “Cast Metals and You,” has been widely shown by the 
Chapters and individual companies. A second intended film has 
been temporarily deferred, again for economy reasons. 

The 1960 Apprentice Contest was well supported even though 
(for economy reasons) only the first prize winners were brought 
to the Philadelphia Convention at AFS expense. It is still our 
belief that many companies and Chapters do not take sufficient 
interest in the contest, possibly because they still may not realize 
that the contest is not limited strictly to apprentices. 


Training & Research Institute 


During the past fiscal year, training courses were sponsored in 
Chicago and Detroit and, at the Chapter level, in Birmingham, 
Toronto, Indianapolis and Chattanooga. Students attended from 










Breakdown of AFS Membership 
As of June 30, 1960 





Chapter Sustaining Company ‘Personal Affiliate Associate Junior Honorary LifeServ. Tot 





Birmingham 17 126 243 
British Columbia 5 64 12 
Canton District 17 50 95 
Central Illinois 7 36 178 
Central Indiana 26 72 230 
Central Michigan 7 49 121 
Central New York 18 56 133 


Central Ohio 19 53 116 
13 54 36 


57 189 354 
Cincinnati District 34 95 152 
Connecticut 12 75 41 
Corn Belt 4 12 31 
Detroit 36 148 290 
Eastern Canada 24 94 
Eastern New York 7 17 53 
Metropolitan 41 151 200 
Mexico 3 50 17 
Michiana 18 70 
Mid-South 1 24 37 
Mo-Kan 5 35 25 
New England 25 129 60 
Northeastern Ohio 49 177 396 
Northern Calif. 17 122 
No. Ill. & So. Wis. 13 24 80 
Northwestern Pa. 14 45 76 
Ontario 55 176 209 
Oregon 9 49 5S 
Philadelphia 54 140 200 
13 52 51 
Pittsburgh 21 155 139 
Quad City 17 49 129 
Rochester 3 39 23 
Saginaw Valley 13 24 
St. Louis District 18 123 91 
Southern Calif. : 37 180 
Tennessee 10 57 
Texas 24 97 
Timberline 0 38 
Toledo 14 28 
Tri-State 6 60 
Twin City 20 87 
4 19 
Washington 5 49 
Western Michigan 20 66 
Western New York 17 68 
Wisconsin 


_ 
me OOD COMO HA HU ~31 


m DO 


no ro no 
—— PONwWODRMRODRSCSOAGSAN AY 
—_ _ or — 
AORPOAMIRSOUSRDANCUHwWOoORmMOWNLUNOOM 


_ 


“ER NO Ol Oe COR De IO RP DDO 
PNM OSCSOH MON SSSOH OH | PMASCSCWSOONSDOSCODONDOCOW~IWRONENOOD 


ecosoososeooosesossessoososoSesoSoSoOoH Sooo Soo oo ONWSCSC OOOO SOOO SCSCSCS 


— 





g 


TOTAL IN REGULAR CHAPTERS... 134 
STUDENT CHAPTERS 


Massachusetts Institute of Technology 
Michigan State University 
Missouri School of Mines 

Ohio State University 

Oregon State College 
Pennsylvania State University 
Polytechnic Institute of Brooklyn 
Texas A. & M. College 
University of Alabama 

University of Illinois 

University of Michigan 
University of Wisconsin 
Wentworth Institute 





TOTAL IN STUDENT CHAPTERS... . 
TOTAL IN ALL CHAPTERS 


Foreign 
Non-Chapter 
In Military Service 





GRAND TOTAL 

















$2 siates, 4 Canadian provinces and 4 foreign countries . . . 
continuing evidence of interest in spite of distance. 

Nc action on the proposed Training Center building has been 
taker. since the architect received full payment last December 
for completion of all plans and detailed specifications. The 
Finance Committee has reviewed the entire T&RI position since 
its inception in November 1956, but any recommendation for 
construction of the building will probably be deferred pending 
resolution of the Institute’s application for tax exemption, as 
yet unresolved. 

Meanwhile, much incomplete and possibly erroneous informa- 
tion concerning the proposed Training Center building and its 
purposes, financing and operating plan has been presented in 
many Chapters and foundry areas. In numerous cases, it is 
apparent that opinion pro or con has been arrived at without 
full and accurate data available. 

Whether or not the building status continues as now, we be- 
lieve that it is time to present to the industry continuously the 
full story on the full program as originally conceived and ap- 
proved by the Board of Directors and T&RI Trustees. It is our 
belief that the Chapters, the membership and the industry are 
entitled to the full facts, even though it is necessary to continue 
deferral of building construction. It should be emphasized, how- 
ever, that the Staff feels an obligation to the Board not to publi- 
cize the entire T&RI program without specific Board approval. 


“Modern Castings” 


Since H. E. Green joined the Staff on March | as Managing 
Director, Mopern Castincs has been materially improved in 
appearance and editorial presentation. With an 18.3% increase 
in pages in the past fiscal year, and a Net Income, the best of 
any year to-date. The main job now is to continue building a 
sound product which will be of progressive value to the readers 
and to advertisers. 

Our goal with Mopern Castincs, of course, is to develop the 
magazine as a major source of net income, and thus eventually 
reach a point where the Society's activities can be progressed 
without periodic and drastic depletion of operating revenues. 


SH&AP Program 


The last of the six major manuals originally scheduled for 
publication under the SH&AP Control Program was published 
during the past fiscal year. The SH&AP Committees are cur- 
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rently on a standby basis but appropriate committees will be 
reactivated as the present manuals require revision. 

It can hardly be emphasized too strongly that the work of 
the program director in aiding foundries and foundry groups 
in matters of safety, hygiene and air pollution control is of 
great value and of greatest importance to the industry. We 
cannot expect less future activity toward legislative controls of 
plant conditions affecting safety or the community. This AFS 
program is practically the only unbiased, impartial source to 
which the foundries now can turn for assistance when harmful 
legislation is being instigated. 


"Buyers Directory” 


After publication of the first edition of the AFS Buyer's 
Directory last October, plans were laid to produce the second 
edition in the fall of 1961, as originally intended and tacitly 
approved. The initial two-year program was based on the two- 
year Exhibit cycle, the thought being that the Directory would 
eventually provide additional income between Exhibit years. 
It was also the Staff understanding that if the first edition broke 
even, future editions might produce substantial net income. 

Since the first edition has not to date broken even, it may 
be felt that AFS should not, at this time, undertake a second 
edition and run the risk of further deficit activities. While this 
position cannot be challenged, it seems advisable to obtain 
more exact information on the use of the Directory to date. A 
survey to this end is now underway. 


International Affairs 


AFS will be officially represented at the 1960 International 
Foundry Congress in Switzerland by Past President Frank J. 
Dost and the AFS General Manager. The number of Americans 
planning to attend is not now known. We believe, however, 
there will be a fair representation of American foundrymen in 
Zurich. We also feel that official Staff attendance will be of 
material help in developing interest abroad-in the 1962 Inter- 
national in the USA. 


Respectfully submitted, 
Wo. W. MALONEY 
General Manager 
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This report covers only developments of the past year in 
Membership and Chapter activities, and prospects for progress- 
ing in these areas during 1960-61. 


Membership 
Membership on June 30, 1960 totaled 12,790 . . . a net increase 
of 341 members or 2.6% over the total of 12,449 on June 30 a 


year ago. 
New Members added in 1959-60 totaled 1873. Members 
dropped for non-payment of dues totaled 1829, of which 686 
were reinstated to a net loss of 1143, in addition to 389 resigna- 
tions and deaths. Total members dropped for all causes, 1532 
or 81.8% of all New Members gained. This matter of New 
Members vs. Members Dropped deseryes utmost attention by the 
Board, as the following data shows for the past five fiscal years: 


OF AFS SECRETARY 


(For Fiscal Year 1959-60) 





5-Year Memher Gains and Losses 





NE CU SIE Sos ie os spac deyeebotwous t 9,871 
NE ics i'n s eX aah feeb oad aeees 8,069 
collec coc ttheye th on, ee ee eee ee 1,802 


% of New Ghembers Lost ... ... cisecc css vede caus 













5-Year Delinquents Dropped & Reinstated 





Total Delinquent Members Dropped ............ 10,083 
Total Delinquents Reinstated .................. 4,221 
% of Delinquents Reinstated ................... 41.8%, 





The increase of 341 members fell short of the forecasted in- 
crease of 1051 necessary to have achieved the year’s “Target” 
of 13,500. However, the 1959-60 net gain was in all classes of 
membership, whereas in the previous year all member classes 
(except Associate and Junior) showed net loses. 

Six of the seven AFS Regions showed net membership gains 
during the past year, only one showing a net loss. Of the 47 
regular Chapters, 16 or one-third reached or exceeded their 
assigned membership Targets some time during the year, and 
14 of these were still on or over their Targets when the year 
closed. Chapters report that less-than-full-time employment in 
many shops, and closing of foundries, has made reinstatement of 
delinquent members difficult. 

A brief analysis of the past year’s “campaign” for Company 
and Sustaining members shows a total of 49 new Company and 
3 new Sustaining members added. However, 43 Company mem- 
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bers were lost, hence the year’s net gain was only 6 Company 
and 3 Sustaining members. Totals on June 30, 1960: 944 Com- 
pany members, 135 Sustaining. 


Membership Program !960-61 


The membership Target for the coming year has been set at 
13,650 and will again include concentrated effort for the re- 
tention of current members and reinstatement of delinquents. 
This Target represents a net gain of 860 members for the fiscal 
year 1960-61, compared to a gain of 1001 members targeted for 
1959-60. It is felt that this is a realistic goal and may bé ob- 
tained in view of a net gain this year compared with a net 
loss of 460 and 431. members during the previous two years. 
To further assist the continuing Chapter program, it is antici- 
pated there will be a stepped-up program in membership at the 
Company and Sustaining levels. 


Chapters 


No new regular Chapters were established nor petitions filed 
during the past fiscal year. 


The 17th Annual Chapter Officers Conference was held J. 
16-17, 1960 with a total attendance of 87 including 80 deleg: 
representing 46 Chapters (only one Chapter was not represent: 
Work-shop sessions were held the first day of the Conferenc« 
the Central Office Headquarters in Des Plaines, as four separ :c 
and rotating work-shops covering Technical Developme: 
Mopern Castincs, Education and “Sideline Coaching.” 1 |, 
latter was a discussion of the administration of the Soci: 1, 
and the functions and responsibilities of Staff personnel. Se 
National Directors were in attendance, including 4 of the 7 
new Directors. President Dunbeck presided as Conference Cha: 
man. 


Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 





ANNUAL REPORT OF AFS TREASURER 


(For Fiscal Year Ended June 30, 1960) 


As a part of this Treasurer’s report, the following documents 
are being forwarded to the Board of Directors for study prior to 
the Annual Board Meeting: 

(1) Annual Audit Report as of June 30, 1960. 

(2) Comparative Statement of Itemized Income and Expense, 
Budget vs. Actuals for fiscal years 1956-57, through 1959-60. 

(3) Recommended Budgets of Itemized Income and Expense for 
1960-61. 


SUMMARY ANALYSIS 


Annual Audit — Following is a comparison of the financial posi- 
tion (General Fund) of the Society as of June 30, 1960 vs. 1959: 











1960 1959 
Assets 
a i ok ee ee eae $ 40,392. $ 21,793. 
Investment Agency Trust ................ 453,043. 449,180. 
ID foo ns stems wae svessas 14,523. 10,459. 
Inventory of Publications ................ 44,151. 44,605. 
I ME) onc otek ds deccecouens 350,661. 341,594. 
PID v0.5.ccncesanstes cesses 6,992. 16,885. 
$909,692 $884,516. 
Liabilities 
SG PIMIIIOIIR 6 6.00. ies cdesbacdscdaue $ 19,836. $146,356. 
IN bs sp'nts-pesncsenatisinannes 889,856. 738,160. 
$909,692. $884,516. 





Assets and Liabilities 

Cash account shows a balance necessary, at all times as “work- 
ing capital.” Bank loans outstanding under Current Liabilities 
at this time last year have been paid from Income from Invest- 
ments and from Exhibit surplus income. Further cash obliga- 
tions will be incurred, but probably held to an estimated $100,000 
payable in December, 1960 and January, 1961 when major: in- 
come from the 1961 Castings Congress and Exposition is received. 

Fund Principal increased in the amount of Net Income for the 
fiscal period. 

It is evident that the Society is regaining a, firmer financial 
position than was the case a year ago. This stability is being 
realized through adherence of the Finance Committee to a firm 





policy of bringing expense within income. In the past, the 
Society has attempted unsuccessfully to constantly bolster income 
so as to meet the expense of ever-expanding and needed activi- 
ties. Because of the status of the industry and general economy 
at present, programs are being re-evaluated and some reduced 
in scope, as evidenced by the following: 


Operations Summary 
(1959-60 vs. 1958-59 and 1957-58) 

















1960 1959 1958 

Income 
EN NY sd ion gas $250,259. $(11,397.) $268,217. 
Membership Dues ....... ... 209,546. 196,605. 207,276. 
Mopern CastTINcs (net) ..... 41,704. (575.) 15,045. 
Buyers Drrecrory ......... 7,046. (13,213.) (8,813.) 
Investment Income ......... 26,193. 26,952. 18,729. 
SIN 55 oe necccacsee 673. 1,123. 616. 
NG 00.5 ckelexs ne aw hw dni $535,421 $199,495. $501,070. 

Expense 
Technical Activities ........ $112,094. $120,394. $126,145. 
NE psig ts ains-ehneder nin 97,503. 93,731. 101,570. 
General Administration .... 96,976. 94,455. 76,303. 
General Publication (net) .. 25,224. 28,658. 26,197. 
Special Publications (net) .. 11,892. 15,616. 5,748. 
Convention (net) .......... 40,111. 34,508. 37,628. 
| a  Gaee ereee $383,800. $387,362. $373,591. 
Net Income (Expense) ....... $151,621. ($187,867.) $127,479. 





The 1959-60 Income and Expense Budget approved by the 
Board of Directors forecast Net Income of $163,200. A compari- 
son of Budgeted vs. Actual Income and Expense shows that Net 
Income for 1959-60 was $151,621 or $11,578 less than anticipated. 

It is evident that the 1960 Castings Congress & Exposition in 
Philadelphia failed to produce the net revenue expected. In fact, 
the 1960 event showed gross revenues and total attendance al- 
most identical with the previous AFS event in Philadelphia, in 
1948. Total income was only $5,700 under budget, due to (a) 
Mopern Castincs nearly $30,000 over budget and (b) use of 
$26,000 Interest on Investments for operating purposes. Total 
Expense ran $5,800 over budget, due mainly to increases in 
Technical Activities. 
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1959-60 SUMMARY ANALYSIS 
Comparative Statement — Actual vs. Budget 














ss Budget Actual 
~Tcome Items 
Membership Dues ..................+- $ 300,000. $ 293,903. 
I Ear 261,200. 290,673. 
TS er cee 46,000. 38,170. 
Convention & Exhibit ................ 395,000. 351,036. 
“Buyers DMECTORY™ ...........0.ccbee 54,000. 50,585. 
Income from Investments ............. -- 26,193. 
iC. Es 2 CLG be ogra dss conash oon 800. 674. 
i I 5 an dS wins .csdewaeea san $1,057,000. $1,051,234. 
Expense Items 
ON a Sree py ee mare ree $ 257,400. $ 259,306. 
tea dn Sic hil a ala ok wale 109,600. 114,397. 
SINGIN TIED ons kc ccc sc cuwees ese’ 50,100. 35,314. 
MODERN CASTINGS” ;.....0.cccceceess 219,700. 233,031. 
Convention & Exhibit ................ 86,000. 95,080. 
papier ERpGMee .... ww eee eee pees 76,500. 74,930. 
Technical Expense (all) .............. 58,800. 47,385. 
Ppuvens DURNCTORY™ 2. ww... cc cece cas $5,700. 40,169. 
OG MND ek. ioe hake ccd onsen $ 893,800. $ 899,612. 
GSES AES Fee $ 163,200. $ 151,622. 
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It will be noted that as of June 30, 1960 the Society’s Invested 
Reserve Fund totaled $551,807 at market or redemption value. 
The invested reserve is maintained in an Investment Agent 
Trust and accumulated interest and dividends normally are 
“ploughed back” for reinvestment. During 1959-60, however, 
because of exceptional excess expense of the prior fisca! year, 
interest from Investments is utilized for operating purposes. 

The Agent Trust was created in December, 1952, and periodic 
deposits of surplus cash have been made to the account, exclusive 
of any earned interest and dividends. As invested and reinvested, 
the Trust Account has appreciated approximately 47% (market 
value) in seven years time. 


Member Income and Expense 


Whether or not the Society is financially able to increase and 
expand its services will depend on the relation of Income per 
Member versus Expense per Member. If Net Expense per Mem- 
ber consistently exceeds realized Dues Income per Member, the 
Society cannot maintain a scale of expansion, regardless of need, 
any more than a foundry can consistently operate in the red. 

The following two tables show how Dues Income per Member 
has failed in recent years to equal Expense per Member .. . 
resulting in the current “austerity program.” 


Annual Dues Income vs. Member Expense 
8 Years, 1952-53 to 1959-60, Inclusive 





2-Year Income & Expense 1959-61 


Prior 2-Year statements of Actual vs. Budgeted Income and Ex- 
pense having been reviewed by the Finance Committee in terms 
of 1959-60 Actuals, budgets for 1960-61 and the 2-Year period 
1959-61 were recommended for Board approval. The 2-Year re- 
vised Budget may be compared with Actual Excess Income or 
(Expense) of previous 2-Year periods, as follows: 





4 Excess Income 
2-Year Period or (Expense) 
Nc... o.0w ao ka cae wane ageeae ae $126,040. 
RY HOUOED. 4.3.2.0: awanpee Ceceneenas 47,889. 
EN PEE ss .. cad erie binscaehsapaeees 41,963. 
ne RPP PO pe HP ee ae oe (60,388. ) 
1959-1961—Actual 1959-60, Budget 1960-61.. 98,622. 

Average, five 2-year periods ........... $ 50,825. 


From the above it will be noted that no 2-Year period since 
1951-1953 has produced the average of the five periods shown, 
and the period 1957-1959 showed a net Expense exceeding 
$60,000. The Accomplishment of net Income of $98,000 by 
June 30, 1961 will depend mainly on the success of the 1961 
Castings Congress & Exposition in San Francisco . . . the first 
such event ever held by AFS on the West Coast. 


Investments as of June 30, 1960 


The Auditor’s report summarizes Income from Investments 
held in the Society's Investment Agent Trust Account at the 
Harris Trust & Savings Bank, Chicago. Report shows the follow- 
ing sources: 








1959-60 1958-59 

Interest on U. S. Govt. Bonds ........... $ 608.26 $ 331.07 
Interest on Canadian Govt. Bonds ....... 1,006.25 831.25 
Interest on Industrial Bonds ............ 8,506.17 7,702.29 
Dividends on Common Stocks ........... 9,081.18 9,282.46 
Discount on Treasury Bills ............. — (170.67) 
Gain (Loss) on Securities Sold .......... 8,922.95 8,764.99 
Write Down of Bonds to Maturity Value 525.00 (325.00) 
ae rrr rer” 1,620.00 1,410.64 
Interest on Bank Loans *................ (4,076.94) (874.58) 
WS 5 oo Cdk 24 5 Ons a ee ieee $26,192.90 $26,952.45 
Book Mkt. % Incr. % of 

Value Value or Total 


Cost June 30 = (Decr.) (Mkt.) 








U. S. Govt. Bonds ..... $ 36,549. $ 36,873. 0.9% 6.68% 
Canadian Govt. Bonds . 24,827. 23,175. (6.7) 4.20 
Industrial Bonds ...... 241,948. 217,074. (10.3) $9.34 
Common Stocks ....... 153,126. 274,686. 75.2 49.78 
WS kan ikans awa $456,450. $551,807. 20.7%  100.00% 





Avg. Avg. Avg. Excess 
Members Dues Income Net Expense (Expense) 
June 30 per Member per Member per Member 








Cn ee. 12,790 $22.98 $30.71 $7.73 
tS 12,449 22.99 $1.11 8.12 
hie» Ae 12,880 23.15 29.00 5.85 
1956-57 .........13,340 23.11 25.20 2.09 
er att «OO 12,488 23.79 25.65 1.86 
a ee 10,965 24.50 29.98 5.48 
nd ee. 11,551 20.01 22.83 2.82 
| 11,033 21.92 26.34 4.42 
8-Yr. Avg. ...... 12,187 $22.80 $27.60 $4.80 
8-Yr. Total Excess Expense .....:..........0.0000: $58,498. 


2-Year Dues Income vs. Per Member Expense 
8 Years, 1952-54 to 1958-60, Inclusive 


Avg. Avg. Avg. Avg. Excess 
Member- Dues Income Net Expense (Expense) 
2-Year Period ship per Member per Member per Member 








1958-1960 ....... $22.98 $30.91 $7.93 
1956-1958 ....... 23.18 27.10 3.97 
1954-1956 ....... 24.14 27.81 3.67 
1952-1954 ....... 11,292 20.96 24.58 3.62 
Avg., four 2-yr. 
periods ..... 12,187 $22.80 $27.60 $4.80 





From the. above it will be noted that average Dues Income has 
been steadily declining since the year 1955-56, whereas average 
Expense per Member has been increasing . . . and so has average 
Excess Expense per Member. The result is that during the 8-year 
period 1952-1960, servicing an annual average membership of 
12,187 cost the Society $58,500 more than AFS received in Mem- 
ber Dues. 

The Society's services therefore must be financed by income 
sources Other than Member Dues. As the following table shows, 
AFS depends on four principal sources of Net Income to main- 
tain its services on behalf of the Metal Castings Industry: 


Condensed Operating Statement of Income & 
Expense Fiscal Year 1959-60 


(All Expenses distributed to Major Activities — as Audited) 





Net Income 





Net INCOME ACTIVITIES Amount Y of Total 








Membership Services ................:005: $209,546. $9.1 
SY GE: ps cao cpa cad tacks ceca 41,703. 78 
Ce Mes id cae eo phatnhaaia 250,260. 46.7 
PR NO Xo oii av donde casa deans 7,046. 1.3 
NE Oe Se Sas <> cas ves eee ku deere 26,866. 5.1 
Po oe 6 dicpe de kb t-nne bcs deetaad eed $535,421. 100.0%, 





Net Expense 





Net EXpPEeNnse ACTIVITIES Amount % of Total 





Technical Activities 094. 29.2 
Publications 116. 9.7 
Chapter Operations ; 25.4 
Convention 000. 10.5 
General Administration 976. 25.2 





$383,800. 100.0% 





NET INCOME, YEAR $151,621. 





Because of the biennial nature of many AFS revenues, in 1954 
a policy of budgeting Income and Expense by 2-year periods was 
adopted. The following table compares Net Income and Net 
Expense activities for the past three 2-year periods and illus- 
trates the significant fact that Net Income has not increased 
sufficiently to enable a consistent broadening of essential services: 


Condensed Operating Statement of Income & 
Expense 2-Yr. Periods 1954-60 


(All Expenses distributed to Major Activities — as Audited) 





2-Yr. Net Income 





1954-1956 1956-1958 1958-1960 





Net INCOME ACTIVITIES 
Membership Services 
“MODERN CASTINGS” ( 34,432.) 
Exhibit 227,415. 269,312. 238,863. 
“Buyers Direcrory’’ (2) - a (6,167.) 
Investments and Misc. 46,499. 37,539. 54,942. 
$643,594. $772,922. $734,916. 
2-Yr. Net Expense 
Technical Activities() $195,537. $248,303. $232,488. 
Publications 60,852. 54,321. 81,390. 
Chapter Operations . 195,945. 191,234. 
Conventions : 70,267. 74,619. 
General Administration 144,404. 157,179. 191,431. 
$649,043. $718,646. $771,162. 
2-Yr. Excess Income (Expense) $ (5,449.) $ 54,276. $(36,246.) 


Note: (1) Includes Research, Contributions to Training & 
Research Institute, Safety Hygiene & Air Pollution Control 
program. (2) Initiated 1958, published October 1959. 


$404,111. $427,997. $406,151. 


38,075. 41,129. 





Net Expense ACTIVITIES 











From this table it will also be noted that after six full years of 
operation, during which the Society's Gross Income exceeded 
$4,895,000, the net result was an earned Excess Income of only 
$12,580. It can only be concluded that those who benefit most 
from AFS activities — the producers of metal castings — must take 
a closer look at their financial participation in the Society if 
essential services are to be maintained in terms of a progressing 
industry. No organization sensitive to a changing industry, as 
AFS must be, can perform its full obligations without adequate, 
permanent financing. 


CONSISTENT PROGRESS AND SERVICE 


In spite of the “tight-rope” financing indicated, made neces- 
sary by circumstances in effect for the past 20 years, AFS has 
constantly improved its services and added new activities in line 
with the industry's changing and growing needs for information 
and assistance. Among the more important of these services and 
activities are the following: 

New AFS Activities and Services 1940 - 1960 
Training & Research Institute (estab. 1956, Courses to date 53). 
AFS Headquarters Building (completed 1954). 

Mopern Castincs (Ist pubn. 1938, enlarged 1945). 
Basic Research on Cast Metals (estab. 1946). 
Safety, Hygiene & Air Pollution Control Program (reactivated 

1950). 

Technical Divisions (5 in 1940, 10 in 1960). 
General Interest Committees (5 in 1940, 10 in 1960). 
Technical Committee Personnel (655 in 1960). 
Major AFS Publications: 
Patternmakers Manual (Ist edn. 1953, 2d edn. 1960). 
Foundry Radiation Protection Manual (1960). 


Recommended Safe Practices for Protection of Foundry 
Workers (Ist edn. 1957, rpt. 1959). 

AFS Buyers Directory (1959). 

Foundry Noise Control Manual (1960). 

Statistical Quality Control for Foundries (Ist edn. 1956, rp 

1958). 

Study of Vertical Gating (Ist edn. 1953, rpt. 1959). 

Glossary of Foundry Terms (Ist edn. 1955, rpt. 1958). 

Safe Practices Manual for Welding in Foundries (1958). 

Design of Die Castings (1957). 

Foundry Air Pollution Control Manual (1957). 

Principles of Metal Casting (College text — Ist edn. 1955, rept 

1957). 
Cast Metals Handbook (Ist edn. 1935, 2d edn. 1944, rpt. 1957) 
Engineering Manuai for Control of In-Plant Environment 
(1956). 

The Cupola and Its Operation (Ist edn. 1946, 2d edn. 1954). 

Time & Motion Study for the Foundry (1954). 

Recommended Names for Gates & Risers (1953). 

Copper-Base Alloys Foundry Practice (1952). 

Foundry Sand Handbook (Ist edn. 1930, 3d edn. 1952). 

Foundry Work (High School text — 1952). 

Foundry Core Practice (Ist edn. 1950, 2d edn. 1952). 

Development of the Metal Casting Industry (1948). 

Analysis of Castings Defects (1947). 

Annual Bound Volumes of Transactions. 

Index to AFS Transactions 1941-1950 (1953). 

AFS Membership (1940 — 3,400; 1960 — 12,800). 

AFS Regular Chapters (1940 — 18; 1960 — 47). 

AFS Student Chapters (1940 — 0; 1960 — 12). 

AFS Casting Congresses (21 Congresses, in 9 cities). 

AFS Expositions (11 major shows, in 5 cities). 

Castings Congress Technical Sessions (1940 — 29; 1960 — 57). 
Castings Congress Papers (1940 — 43; 1960 — 144). 
Engineering Castings Shows (1957, 1959). 

Foundry Instructors Seminar (1956, 1957, 1958, 1959). 
National Apprentice Contest (1940 — 4; 1960 — 5). 

Foundry Library (estab. 1954). 

Chapter Officers & Directors (1960 — 752). 

International Foundry Congress & Exposition in U.S. (1952). 
AFS Technical Council (estab. 1946). 

Chapter Officers Conference (estab. 1944, 17 to date). 

AFS Gold Medal Awards (1940 — 4; 1960 — 6). 

AFS Award of Scientific Merit (estab. 1957). 

AFS Service Citation (estab. 1957). 

Cupola Research Project (estab. 1940). 

AFS Regions (7), Regional Vice-Presidents, Regional Administra- 

tion Meetings (estab. 1953). 

AFS Board of Directors (1940 — 15 Directors; 1960 — 24). 
AFS Central Office Staff Personnel (1940 — 12; 1960 — 40). 
AFS Staff Retirement Plan (estab. 1948). 

While accomplishing this impressive Service record, the Soci- 
ety’s net worth has been steadily increased, as will be seen from 
the following table covering the 10-year period July 1950 through 
June 1960: 


Assets Increases — 10 Years 
1951-1960, inclusive 





(At Cost) Fixed Fund 
Investments Assets Inventories Principals 


$350,661. $44,151. $933,332. 
341,594. 44,605. 774,225. 
351,028. 47,974. 965,710. 
301,230. 57,067. 838,349. 
307,087. 52,218. 908,625. 
304,490. 52,323. 801,021. 
912,455. 
679,974. 
622,775. 
406,812. 


As of June 30 


1960 $453,043. 
1959 449,180. 
1958 465,298. 
1957 476,848. 
1956 560,960. 
1955 456,904. 
1954 564,573. 13,046. $7,135. 
1953 448,761. 14,616. 39,668. 
1952 330,600. 15,560. 32,470. 
1951 308,806. 14,765. 27,818. 








10-Year Increase $144,237. $335,876. $16,333. $526,520. 





The Society's Finance Committee has acted to date with sound 
and business-like decisions, commensurate with the funds being 
furnished by the Castings Industry, on recommendations of the 
Headquarters Staff based on intimate knowledge of the indus- 
try’s needs. While budgets seldom coincide with budgetary rec- 









Comparative Condensed Balance Sheets 


June 1957 to June 1960, inclusive 
(as Audited) 

















Incr. or 4-Year 
(Decr.) Incr. or 
Over 1959 (Decr.) 





June 30 June 30 June 30 
1957 1958 1959 1960 










































Fat abate eee a is ais sack tw 6nd Cotta $127,573. $ 28,858. $ 48,867. $ 25,010. $ 28,158. 
Investment Securities .................. 476,848. 465,298. 483,180. 488,043. 4,863. 11,195. 
PSN i a i be ee bal 57,067. 47,974. 44,605. 44,151. (454.) (12,916.) 
Accounts Receivable ................... 13,336. 13,647. 10,459. 14,522. 4,063. 1,186. 
Deferred & Prepaid Items .............. 13,141. 18,928. 16,885. 6,922. (9,963.) (6,219.) 
Furniture & Fixtures (met) ............. 33,326. 34,500. $0,651. 27,617. (3,034.) (5,709.) 
Ne ree .... 267,905. $16,528. $10,943. $23,044. 12,101. 55,139. 

WN th on fe Lee nk ei cee $882,333. $1,024,448. $920,581. $953,167. $ 32,586. $ 70,834. 

LIABILITIES 
ee I no ceneedeekens $ 43,984. $ 58,739. $146,356. $ 19,836. $(126,520.) $ (24,148.) 
8) eee 838,349. 965,709. 774,225. 933,331. 159,106. 94,982. 
$1,024,448. $920,581. $953,167. $ 32,586. $ 70,834. 





















ommendations, one fact still stands out: technical information 
cannot materialize or be distributed and utilized without partic- 
ipation of the entire industry to the fullest financial extent 
. especially through Sustaining and Company Memberships. 


Respectfully submitted, 
Epwarp R. May 
Treasurer 








Convention Program 


Those who attended the 64th Castings Congress & Exposition 
in Philadelphia will agree that it was a success. The technical 
program comprised 42 technical sessions, 6 shop courses, 7 round- 
table luncheons and a Sand Division dinner. A total of 118 
papers were offered for consideration, of which 9 were rejected 
by the program & papers committee as incompatible with our 
Publications Policy. A total of 38 Congress papers were pre- 
printed in Mopern CAsTINGs issues, January-May, inclusive. 

It is important to note an increasing number of written dis- 
cussions as a result of preprinting these papers in MODERN Cast- 
INGS so that over 18,000 readers of the magazine have an oppor- 
tunity to critically examine: the papers. Some written discussions 
have even been received for the first time from AFS members 
in Europe. Discussion is often equally as valuable as the paper 
itself. As is our established policy, TRANSACTIONS sections were 
included in the magazine for the balance of 1960. 

Few who attended the Castings Congress realize that 365 
presiding officers and authors of technical papers were on the 
Official Program. The Annual Lecture was presented by W. J. 
Grede, Grede Foundries, Inc., Milwaukee, on “Where Do We 
Go From Here?”. The lecture was subsequently published in 
the June issue of Mopern Castincs and made available as a 
separate pamphlet. 


1961 Technical Program 


Tentative program for the 65th Castings Congress & Exposi- 
tion in San Francisco, May 8-12, 1961, was approved with minor 
revisions at the meeting of the Technical Council, June 7. 

Effort is being made by the AFS divisions and general interest 
committees to obtain as many papers as possible from West 
Coast authors, and to prepare a technical program which will 
satisfy some of the peculiar interests of the foundry industry in 
the Pacific Coast area. 





ANNUAL REPORT OF AFS TECHNICAL DIRECTOR 


(Fiscal Year July 1, 1959 - June 30, 1960) 






Apprentice Contest 


The 1960 Robert E. Kennedy Memorial Apprentice Contest 
was again a successful activity, with a total of 16 chapters 
participating, including 182 company-sponsored entries. Total 
number of entries was 461, compared with 474 in 1959. After 
elimination contests in 35 local chapters and individual plant 
contests, a total of 109 entries were received in the national 
competition in the fields of gray iron, non-ferrous and steel 
molding, and wood and metal patternmaking. 


PUBLICATIONS PROGRAM 


General Publications 


The 1959 annual Transactions, vol. 67, were distributed to 
all pre-publication orders in January 1960. A total of 1,708 copies 
were distributed to June 30, including 1,083 sold and 625 gratis 
copies to Company, Sustaining and Honorary Life Members on 
request. An inventory of 799 copies remains for future sales. 
General Publications sales, including current and prior Annual 
TRANSACTIONS still available, amounted to $13,736. 


Special Publications 


Gross Special Publications sales in 1959-60 amounted to $25,606, 
income from royalties $1,645. Deducting book dealer discounts 
$2,819, combined net sales for both General and Special Publi- 
cations amounted to $38,169. 

During the year the following publications were produced: 

1959 Annual Transactions, vol. 67 (New). 

Foundry Radiation Protection Manual (New). 

Gating & Risering Gray Iron Castings (Research report). 
Bibliography of Shell Molding (New). 

Control of Quality in the Brass Foundry (1959 Hoyt Lecture). 
Where Do We Go From Here? (1960 Hoyt Lecture). 
Graphite Classification Chart (Reprint). 
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Melting Variables Effects on Malleable Iron Properties (Re- 

search report). 
The following new books or reprints of existing books are 
planned for the fiscal year 1960-61: 

Patternmaker’s Manual — 2d edition, complete revision, avail- 
able in August 1960. 

Foundry Refractories — 1st draft of MS completed, subject 
to final editing and review. 

Sand Handbook — complete revision in process, well ad- 
vanced. 

Design of Die Castings — Ist edition exhausted, reprint in 
1960. 

Foundry Core Practice —complete revision in process. 

Molding Methods and Materials — new book, partially com- 
pleted and edited. 


Research Projects 


AFS divisional research committees are energetically pursuing 
projects for which funds were authorized by the Board of Direc- 
tors. Projects are now sponsored by the AFS Training and Re- 
search Institute, and progress reports on each of the projects 
were presented during the 1960 Castings Congress. It must be 
again emphasized that these research projects are the source 
of much new information and create a great deal of interest 
among members of the Society, as well provide excellent material 
for chapter presentations. 


AFS Training and Research Institute 


From January to August 1960 the AFS Training and Research 
Institute gave 10 courses on: Cupola Melting of Iron (2), Gating 
and Risering of Castings, Preventive Maintenance (2), Metallurgy 
of Ferrous Alloys, Metallurgy of Gray Iron, Casting Design and 
Stress Analysis, Shell Molds and Cores, Production of Ductile 
Iron. A total of 287 students were registered in these courses. 
4 courses were given in cooperation with chapters—Birmingham, 
Ontario, Central Indiana and Tennessee. Since the beginning of 
the T&RI program in 1957, this represents a total of 1,442 regis- 
trants for 46 courses, of which 10 have been presented regionally. 

Average enrollment per class since June 1957 has been 31, 
and registrants came from 36 States, Canada, Mexico, South 
America, Asia and Europe. A total of 600 companies have sent 
students to these courses, and one company sent 28. Foundries 
represent approximately 82% of the registration, and students 
travel an average round trip distance of 800 miles to attend the 
courses. It is interesting to note that one company alone regis- 
tered 11 students for the course in Cupola Melting held in 
Chattanooga. 

During the remainder of 1960, 7 additional courses were 
scheduled in the field of core practice, foundry refractories, 


economical purchasing of foundry materials, sand testing 
foundry plant layout, metallurgy of light and copper base alloy 
and sand control and technology. 

In accordance with the decision of the Board of Directors 
the T&RI Building Committee and the Staff, in cooperatio: 
with the architect, have completed detailed work drawings an 
complete specifications for the proposed Institute building. Fina! 
drawings and specifications have been critically examined by th« 
Building Committee and approved so that this activity can pro 
ceed when the Board approves such action by taking of firm bids 
for general construction work. 


Safety, Hygiene & Pollution Control 


The Director of the Safety, Hygiene and Air Pollution pro 
gram represented the Society at 19 technical committee meetings 
acting as Assistant Technical Director, and spoke before two 
Regional Conferences and three chapters. He also was a speaker 
at three state-wide safety conferences as well as chairman of the 
third annual U.S. Public Health Service Air Pollution Seminar. 

At the request of six member foundries, the Director provided 
consulting service in conjunction with plant problems in this 
field. At the request of local chapters, briefs were prepared and 
filed with appropriate governing bodies in the San Francisco- 
Oakland Bay area and Seattle, Wash. He attended three con- 
ventions of other societies concerned with activities in this field 
as well as the A.E.C. School of Isotopic Radiography to qualify 
for possession and safe use of isotopes. 

In conjunction with the AFS T&RI courses, he served as one of 
the instructors. Each month the Director is preparing a column 
for publication in MopERN CasTINGs covering various subjects in 
his field. Numerous inquiries from members of the Society have 
been answered on subjects relating to safety, hygiene and air 
pollution. 


Technical Inquiries 


Although considerable time is devoted to replying to technical 
inquiries, which average approximately two a day both from 
members of the Society and others, this service is an excellent 
means of evidencing the value of membership in AFS. It is one 
of the best ways of satisfying the current needs of members and 
increasing the value of membership. Frequently the answers to 
inquiries from nonmembers have been instrumental in obtain- 
ing new members. 


Respectfully submitted, 
S. C. MASSARI 
Technical Director 





Minutes 
First Meeting of AFS Board of Directors 1959-60 
Sherman Hotel, Chicago —April 18, 1959 


Rott Cat: President C. E. Nelson, presiding 
‘Vice-President N. J. Dunbeck 
Directors (Exp. 1960) 
Wm. D. Dunn 
A. A. Hochrein 
K. L. Landgrebe, Jr. 
F. J. Pfarr 
A. M. Slichter 
H. G. Stenberg 
Directors (Exp. 1961) 
D. W. Boyd 
Jake Dee 
T. W. Curry 
W. L. Kammerer 
H. M. Patton 
C. A. Sanders 


Directors (Exp. 1962) 
N. N. Amrhein 
D. L. Colwell 
A. J. Moore 
Wm. H. Oliver 
L. J. Pedicini 
J. N. Wessel 
StaFF: Wm. W. Maloney, General Manager 
S. C. Massari, Technical Director 
A. B. Sinnett, Secretary 
Edw. R. May, Treasurer 
Absent: Directors J. R. Russo (exp. 1960), R. R. Deas, Jr. (exp. 
1961), R. E. Mittlestead (exp. 1962). 














A quorum having been established, President Nelson called 
to order the first meeting of the 1959-60 Board of Directors and 
invi.ed outgoing Directors to remain and participate in the dis- 
cussions. He then introduced new Vice-President N. J. Dunbeck 
and the newly elected Directors. 


Election of Regional Vice-Presidents 


The President announced that approval by the Board, in 
accordance with the By-Laws, was necessary for election of the 
following as Regional Vice-Presidents: 

Region | — T. W. Curry 
Region 2— W. D. Dunn 
Region 3 —F. J. Pfarr 
Region 4 — R. R. Deas, Jr. 
Region 5 — H. M. Patton 
Region 6 — W. L. Kammerer 
Region 7 — J. N. Wessel 

On motion duly made, seconded and carried, the above were 
elected Regional Vice-Presidents for 1959-60. 


Formatian of Executive Committee 


The President stated, that under the By-Laws, all Regional 
Vice-Presidents are considered members of the Executive Com- 
mittee, together with the President, Vice-President and im- 
mediate Past. President. 


Appointment of Board Committees 


President Nelson stated that, as empowered under the By-Laws, 
it was his duty to appoint Board and other official committees 
for the fiscal year 1959-60. On motion duly made, seconded and 
carried, appointment of the following bodies was approved: 


Regional Vice-Presidents 


Region 5 — H. M. Patton 
Region 6 — W. L. Kammerer 
Region 7 — J. N. Wessel 


Region 1 — T. W. Curry 
Region 2— W. D. Dunn 
Region 3— F. J. Pfarr 
Region 4— R. R. Deas, Jr. 


Executive Committee 


C. E. Nelson, Chairman L. H. Durdin 

T. W. Curry W. L. Kammerer 
R. R. Deas, Jr. H. M. Patton 

N. J. Dunbeck F. J. Pfarr 

W. D. Dunn J. N. Wessel 


Finance Committee 


Wm. W. Maloney 
Edw. R. May 


Board of Awards 

Bruce L. Simpson (1955-56) 
Frank W. Shipley (1956-57) 
Harry W. Dietert (1957-58) 
Lewis H. Durdin (1958-59) 


I. R. Wagner, 

Chairman (1952-53) 
Collins L. Carter (1953-54) 
Frank J. Dost (1954-55) 


Nominating Committee 


L. H. Durdin, Chairman A. V. Martens 

H. W. Dietert M. B. Parker, Sr. 
S. W. Chappell G. W. Poirier 

A. H. Hinton O. H. Rosentreter 


Chapter Contacts Committee 
N. J. Dunbeck, Chairman (All Directors, Members) 
(All Regional Vice-Presidents) 
T&RI Trustees 


R. A. Oster (1958-62) 
N. J. Dunbeck (1959-62) 
I. R. Wagner (1959-63) 


H. Bornstein (1957-61) 
L. H. Durdin (1957-60) 
B. C. Yearley (1957-60) 
C. E. Nelson (1958-61) 


Retirement Fund Trustees 
Ralph L. Lee 
Collins L. Carter 
Annual Lecture Committee 


F. B. Rote 
T. W. Seaton 
V. E. Zang 


R. S. Hammond, Chairman 
Frank W. Shipley 


H. H. Wilder, Chairman 
M. E. Brooks 
Wm. Romanoff 





T. T. Lloyd, Chairman Charles Locke 
T. E. Barlow F. L. Riddell 
F. C. Bennett H. H. Wilder 

Self-Appraisal Committee 

(Not appointed) 
Membership Analysis Committee 

A. M. Slichter, Chairman A. A. Hochrein 
N. N. Amrhein W. H. Oliver 
D. W. Boyd L. J. Pedicini 
D. L. Colwell F. J. Pfarr 
T. W. Curry C. A. Sanders 
R. W. Griswold 
C. A. Sanders, Chairman H. M. Patton 
R. R. Deas, Jr. G. R. Rusk 
K. L. Landgrebe, Jr. A. M. Slichter 
R. E. Mittlestead H. G. Stenberg 
A. J. Moore 

Foundry Trust Committee 
L. H. Durdin, Chairman Jake Dee 
N. N. Amrhein W. L. Kammerer 
D. W. — K. L. Landgrebe, Jr. 
R. R. Deas, Jr. A. M. Slichter 

Board Nominating Committee 
N. J. Dunbeck, Chairman D. W. Boyd 
R. R. Deas, Jr. 
National Castings Council Representatives 

C. E. Nelson N. J. Dunbeck 


Foundry Educational Foundation Trustees 
W. D. Dunn (1958-1960) W. L. Kammerer (1959-1961) 


Technical Information Committee 


T. W. Curry, Chairman C. A. Sanders 

D. L. Colwell H. G. Stenberg 

L. J. Pedicini (Others to be appointed) 
H. W. Ruf 


International Delegates and Representatives 
C. E. Nelson, Chairman S. C. Massari, 
Wm. W. Maloney, Secretary AFS Technical Director 


A. B. Everest, European Rep. Wm. A. Gibson, Australian Rep. 
C. A. Sanders, AFS Director 


The President requested that all Board Committee Chairmen 
should develop the objectives of their respective committees in 
writing and forward them to the Central Office for record. 


Finance Cammittee Meeting 


President Nelson announced the annual budget meeting of 
the Finance Committee would be held July 23-24, 1959. 


Organization for Chapter Contacts 


President Nelson urged close contact with the Chapters by 
the Directors. He stressed that active contact is necessary from 
the Directors because of the size of the Society and the inability 
of the President and Vice-President to visit all Chapters. He 
urged the Directors to actively participate as the National repre- 
sentatives in their respective areas. > 

The following schedule of proposed Chapter Contacts was 
presented and. accepted by all Directors present: 


Chapter Contact Assignments 1959 - 60 


Region No. | 


Regional Vice-President: THoMas W. Curry 
Chapter Group A 
Connecticut (H. G. Stenberg) 
Metropolitan (T. W. Curry) 
New England (H. G. Stenberg) 
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Chapter Group B 
Chesapeake (A. A. Hochrein) 
Philadelphia (A. A. Hochrein) 
Piedmont (T. W. Curry) 


Region No. 2 


Regional Vice-President: WM. D. DUNN 
Chapter Group C 
Central New York (W. D. Dunn) 
Eastern New York (W. D. Dunn) 
Rochester (W. D. Dunn) 
Chapter Group D 
Eastern Canada (A. J. Moore) 
Ontario (A. J. Moore) 
Chapter Group E 
Northwestern Pennsylvania (W. H. Oliver) 
Pittsburgh (W. H. Oliver) 
Western New York (W. H. Oliver) 


Region No. 3 


Regional Vice-President: FRED J. PFARR 
Chapter Group F 

Northeastern Ohio (F. J. Pfarr; D. L. Colwell) 
Chapter Group G 

Canton District (R. E. Mittlestead) 

Central Ohio (D. L. Colwell) 

Toledo (D. L. Colwell) 


Region No, 4 


Regional Vice-President: RicHarp R. DEas, JR. 
Chapter Group H 

Detroit (L. J. Pedicini) 

Saginaw Valley (L. J. Pedicini) 
Chapter Group I 

Central Michigan (D. W. Boyd) 

Michiana (D. W. Boyd) 

Western Michigan (D. W. Boyd) 
Chapter Group J 

Central Indiana (R. R. Deas, Jr.) 

Cincinnati District (R. R. Deas, Jr.) 


Region No. 5 


Regional Vice-President: H1LLaRD M. PATTON 
Chapter Group K 

Chicago (C. A. Sanders) 
Chapter Group L 

Wisconsin (N. N. Amrhein; A. M. Slichter) 
Chapter Group M 

Central Illinois (A. M. Slichter) 

N. Illinois-S. Wisconsin (N. N. Amrhein) 

Quad City (C. A. Sanders) 

Twin City (H. M. Patton) 


Region No. 6 


Regional Vice-President: WEBB L. KAMMERER 
Chapter Group N 
Corn Belt (W. L. Kammerer) 





Mo-Kan (W. L. Kammerer) 

St. Louis District (W. L. Kammerer) 

Timberline (W. L. Kammerer) 
Chapter Group O 

Birmingham District (L. H. Durdin) 

Mid-South (K. L. Landgrebe, Jr.) 

Tennessee (K. L. Landgrebe, Jr.) 
Chapter Group P 

Mexico (Jake Dee) 

Texas (Jake Dee) 

Tri-State (Jake Dee) 


Region No. 7 


Regional Vice-President: JAMES N. WESSEL 
Chapter Group Q 
Northern California (J. R. Russo) 
Southern California (J. R. Russo) 
Utah (J, R. Russo) 
Chapter Group R 
British Columbia (J. N. Wessel) 
Oregon (J. N. Wessel) 
Washington (J. N. Wessel) 


Chapter Officers Conference 


The General Manager announced the 16th Annual Chapter 
Officers Conference would be held June 11-12, 1959, first day’s 
sessions to be held at the AF$ Central Office, the second day at 
the Sherman Hotel. All new Directors were particularly urged 
to attend the Conference, and all other Directors were invited to 
attend at their discretion. 


Regional Administration Meetings 1959 - 60 


The President announced that the Regional Vice-Presidents 
should assume the responsibility for Regional Administration 
Meetings in 1959-60 and to operate as the official AFS represen- 
tatives in their respective regions. 


Appointment of 1959 International Delegates 


The President requested approval of Director C. A. Sanders 
and AFS Technical Director S$. C. Massari as Official AFS 
Delegates to the International Foundry Congress in Madrid, 
Spain, October 4-10, 1959. On motion duly made, seconded and 
carried, they were so approved. 


Next Meeting of Board of Directors 


The President announced that the next meeting of the Board 
of Directors would be the Annual Board Meeting, to be held 
August 6-7 in Chicago. 
There being no further business to be considered, the first 
meeting of the 1959-60 Board of Directors was declared ad- 
journed. 
Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 

APPROVED: 

C, E. Newson, President 

July 31, 1959 





Minutes 
Meeting of AFS Finance Committee 
Union League Club, Chicago— July 22-24, 1959 


Rott Catt: President C. E. Nelson, presiding 
N. J. Dunbeck, Vice-President 
L.. H. Durdin, Past President 
Wm. W. Maloney, General Manager 
Edw. R. May, Treasurer 
S. C. Massari, Technical Director 
A. B. Sinnett, Secretary 


Annual Audit. Following study of the annual audit of the 
Society's financial books as of June 30, 1959, by George V. 
Rountree & Co., Chicago, the committee recommended approval 
by the Board of Directors. 


Budgets of Income & Expense, 1959-1961. The Finance Com- 
mittee considered Staff recommendations for budgets for the 2- 
year fiscal perjod 1959-1961 and recommended approval by the 
Board of Directors of the following budgets: 








Budget 

1959-60 1960-61 2 Years 

ee ae $1,050,000 $694,100 $1,744,100 

Repent .... 6652 886,800 856,300 1,743,100 
Excess Income 

(Expense) ...... $ 163,200 ($162,200) $ 1,000 




















The above may be compared with budgeted and actual In- 
com: and Expense for the 2-year fiscal period 1957-1959 as fol- 


lows 





2-Year 2-Year 

Budget Actuals 
unm ts aed ee ae $1,928,600 $1,660,700 
EXDOMGR 6. oc os oc ssseee cen 1,893,250 1,721,100 





Excess Income (Expense) $ 35,350 ($ 61,400) 


The above comparison of two successive 2-year periods, in 
terms of budgets for the next two years, indicates: Income 
budgets for 1959-1961 reduced $84,000; Expense budgets reduced 
$22,000; expected Excess Income reduced $61,000. In other words, 
budgets for the next two years are being recommended on a 
highly conservative basis. 

Details of Budget Recommendations. The Finance Committee's 
recommendations of budgets for the 2-year period 1959-1961 in- 
corporated the following recommendations: 


Income 


Member Dues. Contemplates recovery of memberships to the 

approx. peak figures of 1956-57 ($308,300), based on recom- 
mendations by the Membership Analysis Committee in meeting 
uly 22. 
, anaes Castincs Display Advertising. The committee recom- 
mended a 20% rate increase effective January 1, 1960, in line 
with other recently announced rate increases in the industrial 
publications field. The committee believed that through more 
aggressive selling the magazine income could be increased be- 
yond the figures budgeted. 

Special Publications. Budget for 1959-60 based on 1958-59 ac- 
tual. Budget for 1960-61 based on income from three to six new 
Special Publications. 

Convention & Exhibit. The Finance Committee, in budgeting 
Convention and Exhibit income for the coming two years, rec- 
ommended adoption of an exhibit schedule covering the 6-year 
period 1960-1965, as proposed by exhibitor groups and the AFS 
Exhibits Promotion Committee in meeting June 22, on the 
following basis: 


1960 — Castings Congress and unlimited Equipment-Supplies 
Operating Exhibit, in Philadelphia. 

1961 — Castings Congress, in San Francisco. 

1962 — International Foundry Congress, AFS Castings Congress 
and unlimited Equipment-Supplies Operating Ex- 
hibit, in Detroit. 

1963 — Castings Congress, in Boston. 

1964 — Castings Congress, Engineered Castings Show, and lim- 
ited Nonoperating (nonpower) Supplies Exhibit 
(location to be decided). 

1965 — Castings Congress and unlimited Equipment-Supplies 
Operating Exhibit (location to be décided). 


The above 6-year schedule contemplated continuation, follow- 
ing 1965, of successive 3-year schedules in the manner indicated 
above for the three years 1963-1965. 

It will be noted that the Finance Committee in the above 
schedule recommended (a) no exhibit of any kind at San 
Francisco in 1961; (b) no exhibit of any kind at Boston in 1963. 
In view of previous Board action concerning both these years, 
it was noted that acceptance of the Finance Committee recom- 
mendations would require revisionary Board action. 

The Finance Committee recommended, for the 1960 Exposi- 
tion, space rentals on the basis of $4.00 per square foot, the 
same as in 1958 and 1956. 

Buyer’s Directory. The $47,000 income budgeted for 1959-60 
(a net figure, gross less commissions) was based on 110 pages 
of advertising. The staff recommended this figure be increased 
to an éstimated $50,000, with 130 pages minimum of advertising 
already under contract. 

Income from Investments. All investment income hitherto has 
been eliminated from the Income and Expense budget since it 
was not contemplated that such income would be available for 
operating purposes. The Finance Committee, however, recom- 
mended that all Income from Investments during the 2-year 
period 1959-1961 be utilized to pay interest on and partially 
liquidate the principal of existing bank loans totaling $130,000, 
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to be raised to $158,000 on August 15. The Finance Committee 
did not recommend liquidation of this loan by the sale of securi- 
ties from the Investment Trust Fund. 


Expense 

Salaries. The Finance Committee accepted Staff recommenda- 
tions on Staff salaries, involving: for 1959-60, approx. 1.7%, 
increase over 1958-59; for 1960-61, approx. 4% increase over 
1959-60. 

Burden Items. Reduced $4,300 for 2-year period, compared 
with previous 2-year period. 

Board and Executive Committee Travel & Expense. Com- 
mittee recommended a maximum of $6,000 for each of the two 
years budgeted. 

Promotion and Publicity. Committee disapproved a Staff rec- 
ommendation for 2-year expenditure of $2800 for membership 
plaques to replace the present membership decalcomanias, in 
view of the current necessity to reduce expenses. 

Mopern Castincs. Total expense budget reduced $12,300 from 
previous 2-year period. 

Special’ Publications Production. Committee recommended 
$52,000 budget for two years, or $31,000 less than requested by 
the Publications Committee. 

Conventions & Exhibits. Expense budgets based on recom- 
mended 6-year Exhibit program outlined under Convention & 
Exhibits Income. The committee also recommended that the 
expense of the annual President’s Reception be eliminated 
henceforth. 

Chapter Officers Conference. Committee recommended that ex- 
pense of the Conference be decreased henceforth by inviting one 
instead of two delegates from each Chapter to attend at AFS 
expense; and that each Chapter be permitted to send a maximum 
of one other officer to attend, at Chapter expense. 

Education. Committee recommended that invitations for Ap- 
prentice Contest winners to attend the Annual Converition at 
AFS expense be limited henceforth to first place winners only, 
excluding second and third place winners. 

Film Account. Committee recommended that 4 second new 
film being developed by the Education Division, entitled “The 
Modern World of Cast Metals,” (est. cost $5,000) be withheld 
until funds become available, in view of the fact that a prior 
film “Cast Metals and You” is already committed. 

T&RI Contributions — Research. Committee recommended, with 
regret, the reduction of contributions for research purposes to 
minimum requirements of $35,000 for each of the two years 
budgeted. 

T&RI Contributions — Foundry Instructors Seminar. Commit- 
tee recommended that no Instructors Seminar be held in 1960 
and that a 1961 Seminar announcement be withheld until 
budgetary review in July, 1960. 

T&¢RI Contributions — Development & Promotion. Committee 
recommended reduction of budgets during the next two years 
to minimum amounts required by T&RI operations under the 
original Trust Agreement. 

Retirement Expense. The committee considered recommenda- 
tions of the Retirement Trustees in meeting July 10: (a) that 
the Board approve a Group Life Insurance program not previ- 
ously available to AFS employees; (b) that the Board consider, 
fot approval at such time as funds may be available, a revision 
of the present Staff Retirement Plan to group annuity instead 
of individual annuity basis; (c) that, if the proposed Retire- 
ment Plan canhot now be adopted, the present Retirement Plan 
should be continued. 

The Finance Committee recommended continuation of the 
present Retirement Plan without change, and recommended that 
no Group Life Insurance program be adopted until Sdciety 
finances make it more possible. The committee expressed some 
doubt as to elements of provisions and costs of the present 
Retirement Plan and requested the General Manager to invite 
the Retirement Trustees to meet with the Finance Committee 
prior to the Annual Board Meeting. 

Capital Expenditures. No recommendations were made for 
capital expenditures during the next two years. 


Respectfully submitted, 
Wn. W. MALONEY 
General Manager 























Minutes 


Annual Meefing AFS Board of Directors 


Rox Cat: President Charles E. Nelson, presiding 
Vice-President Norman J. Dunbeck 
Directors (exp. 1960) 
Wm. D. Dunn 
Lewis H. Durdin 
A. A. Hochrein 
Karl L. Landgrebe, Jr. 
Fred J. Pfarr 
John R. Russo 
Alien M. Slichter 
Henry G. Stenberg 
Directors (exp. 1961) 
David W. Boyd 
Jake Dee 
Webb L. Kammerer 
Clyde A. Sanders 


A quorum having been established, President Nelson called 
the Annual Meeting of the AFS Board of Directors to order. 


Reading of Minutes 
Minutes of the final meeting of the 1958-59 Board, held April 
14, were read and approved on motion duly made, seconded and 
carried. Minutes of the first meeting of the 1959-60 Board, held 
April 18, were read and approved on motion duly made, sec- 
onded and carried. 


Report of the General Manager 


The General Manager's report for the fiscal year ended June 
30, 1959, covered Conventions & Exhibits, Education, Training 
and Research Institute, Mopern Castincs, SH&AP Program, In- 
ternational Affairs and Buyers Drrecrory. 

Convention & Exhibit. The General Manager reported that, 
contrary to expectations, the 1959 Engineered Castings Show 
netted 50% less space sales than the 1957 Show. This reversal 
from expectations can be attributed to a conibination of busi- 
ness conditions and the reluctance of castings producers to recog- 
nize the Show as a valuable. marketing medium. 

Education. The Apprentice Contest and Foundry Instructors 
Seminar were both highly successful, 154 instructors participating 
in the Seminar, 44 more than the previous high of 110 in 1956. 
The Apprentice Contest had slightly fewer entries than the 
previous year but still was remarkably well supported, consider- 
ing the number of layoffs of learners, trainers and apprentices. 

AFS Training and Research Institute. Courses continued to be 
well attended during the past year with Regional courses held 
at Los Angeles, San Francisco, Birmingham, Ala. and Hamilton, 
Ont. Students continued to attend the courses held in Chicago, 
coming from many distant states. 

Final revisions on the Foundry Training Center building and 
detailed specifications are being completed as authorized by the 
Board in February, with assistance of a T&RI Building Com- 
mittee. 

Mopern Castincs. The printing of TRANSACTIONS in the maga- 
zine received excellent approval of the menibership. It has not 
been possible to print considerable non-TRANSsACTIONS material 
in meeting the Board requirement that the magazine be oper- 
ated “at a profit.” Maintenance of the editorial-advertising ratio 
to enable production at a profit is the major problem facing 
AFS in publishing Mopern Castres. 

Safety, Hygiene & Air Pollution Control. The Noise Control 
Manual was published during the year and the ineering 
manual on Control of Radiation Hazards is scheduled for 1959- 
60. This completes the six major manuals originally scheduled 
for the SH&AP Program. 

The Program Director continues to give counsel and aid to 
foundry groups, present talks before Chapters and other meet- 
ings, and participates in the T&RI courses dedling in SH&AP 
subjects, while acting also as Assistant Technical Director during 
the past year. 


Ambassador West Hotel, Chicago — August 6-7, 1959 





Directors (exp. 1962) 
Norman N. Amrhein 
Donald L. Colwell 
Robert E. Mittlestead 
A. Jatk Moore 
Wm. H. Oliver 
Louis J. Pedicini 
James N. Wessel 


Staff 

General Manager Wm. W. Maloney 

Technical Director S. C. Massari 

Secretary A. B. Sinnett 

Treasurer Edw. R. May 

Absent: Directors Thos. W. Curry, Richard R. Deas, Jr., Hillard 
M. Patton (exp. 1961). 


International Affairs. AFS will be officially represented at the 
1959 International Foundry Congress in Spain by Director C. A. 
Sanders and Technical Director S. C. Massari. It is anticipated 
that some 30 to 50 American foundrymen will attend the Con- 
gress. 

Buyers Drrecrory. It was reported that the excellent response 
to date of the first AFS Buyers Dmecrory indicates the advisa- 
bility of continuing this project. As of July, over 130 pages of 
advertising were under contract, the Directory being scheduled 
for distribution in late October, 1959. 

On motion duly made, seconded and carried the report of the 
General Manager was accepted and made a part of these Minutes. 


Report of the Secretary 

The Secretary reported on two major activities, Chapters and 
Menibership. 

Membership. The Society’s membership reached 12,449 or 
3.4%, below the total a year ago. The decline in business activity 
was definitely reflected in the membership picture; however, as 
business returns the membership can be expected to regain its 
losses. 

During the fiscal year, 1536 new members were added, 2248 
dropped, and 429 members resigned. However, 750 of the 
dropped delinquents were reinstated, giving a net loss of 431 
members for the year. 

A goal of 13,500 was set for the 1959-60 year with concen- 
trated effort on retention of current members and reinstatement 
of delinquents. With business stabilizing itself and improving, 
along with growing activities of the Society and concentrated 
effort on the part of the Chapter Membership Chairmen and the 
Central Office, it should be possible to reach this goal. 

Chapters. No new regular Chapters were established during the 
fiscal year. A new Student Chapter was installed at Wentworth 
Institute in Boston on April 23, with 48 Student members. 

The 16th Annual Chapter Officers Conference was held June 
11-12 with a total attendance of 112, including 96 Chapter dele- 
gates representing all 47 Chapters. Besides the President and 
Vice-President, 14 National Directors attended. 

On motion duly made, seconded and carried, the report of the 
Secretary was approved and made a part of these minutes. 


Report of the Treasurer 


The Treasurer reported that actual Income totaled $633,120 or 
82.7% of budgeted Income $766,000; actual Expenses totaled 
$820,987 or 92.9%, of budgeted Expense $882,800. As a result, Ex- 
cess Expense totaled $187,867 or $71,067 more than budgeted 
expense of $116,800. 

Major off-budget items involved in the financial report in- 
cluded: Member Dues Income, 3.0% below budget; Mopern 
Castincs Income, 12.6% below budget; Special Publications In- 
come, 25% below budget; Convention and Exhibit Income, 59.8%, 
below budget. While Buyers Dmecrory Income was 82.5% be- 
low budget, it was pointed out that major income was pre- 






















mat\\rely budgeted in 1958-59 and would materialize in 1959-60 
since the Directory is to be published in October, 1959. 

The Treasurer’s report pointed up the fact that the serious in- 
crease in Excess Expense ($71,067) was due to lesser income 
rather than to uncontrolled expense. Expense items were held 
as low as possible in carrying on the activities budgeted and 
were materially reduced by the Staff in February when it ap- 
peared that the income budget would not be made. The most 
serious defection of income occurred in the Engineered Castings 
Show, where space rentals were 50% less than in 1957 and far 
off expectations for a Chicago event. 

The Treasurer reported results of the two-year budgetary 

riod 1957-1959 as follows: Total Income $1,660,676 or $194,274 
below budget of $1,854,950; total Expense $1,721,064 or $82,086 
below budget of $1,803,150; two-year Excess Expense $60,388 
compared with two-year budgeted Excess Income of $51,800, or 
$112,188 below budget. The report pointed out that the Society 
must seek additional sources of substantial annual income if it 
is to maintain the present rate of activities and be in a position 
to undertake new projects. 

On motion duly made, seconded and carried, the report of the 
Treasurer was accepted and made a part of these minutes. 


Report of the Technical Director 


The Technical Director reported that 99 papers were pre- 
sented at the 1959 Convention in a program comprising 43 tech- 
nical sessions, 9 round-table luncheons, 5 shop courses, and 4 
dinner meetings, including the Annual Banquet. All papers re- 
ceived prior to the established deadline date were published in 
the TRANSACTIONS sections of MopeRN CasTINGs, making them 
available to approximately 18,000 readers prior to the Con- 
vention. 

Special Publications showed gross sales of $32,348 for the year, 
with an income from royalties totaling $1,146. Sales were some- 
what less than for the previous fiscal year, which may be attrib- 
uted in part to business conditions. 

All Research projects under direction of divisional research 
committees and sponsored by the Training and Research In- 
stitute were reported making excelient progress. Reports on all 
projects were presented at the 1959 Convention. 

AFS Training and Research Institute, during the fiscal year 
ended June 30, 1959, conducted 15 courses on the subjects of 
Gating and Risering of Castings, Cupola Melting of Iron, Melt- 
ing of Copper-Base Alloys, Metallography of Ferrous Metals, 
Metallurgy of Gray Iron, Sand Control and Technology, Pattern- 
making, Product Development, and Foundry Plant Layout. Nine 
more courses scheduled for the balance of 1959. 

Since the inception of the AFS Training and Research In- 
stitute, a total of 1006 Students were registered. Approximately 
435 companies sent Students to the courses, and 37% have been 
“repeat” students. The Technical Director stated that this gives 
strong evidence that value must have been received by these 
organizations. 

On motion duly made, seconded and carried, the report of the 
Technical Director was accepted and made a part of these 
minutes. 


Annual Reports of Board Committees 


Annual Lecture Committee. It was reported that the Annual 
Lecturer for the 1960 Castings Congress would be William J. 
Grede, Grede Foundries, Inc., Milwaukee. 

Exhibits Promotion Committee. Chairman Sanders reported 
that the Exhibits Promotion Committee had held several meet- 
ings with representatives of the Foundry Equipment Manufac- 
turers’ Association on the question of AFS exhibit frequency. As 
a result of these meetings, the committee presented a proposal 
for a 3-year exhibit cycle commencing in 1963, calling for no 
equipment-supplies Exhibit the first year, a limited Show the 
second year, and a large operating Show the third year. It was 
understood that the technical Castings Congress would continue 
to be held annually. Suggestion was made that the second year 
“limited” Show also incorporate an Engineered Castings Show. 

The Chairman pointed out that this proposal suggests no 
change in present AFS commitments for large operating Shows 
in 1960 and 1962. He expressed the opinion of his committee, 
however, that unless some agreement were reached by the Board 
tc hole large operating Shows at intervals of more than two 
years, the large equipment exhibitors might not continue to 
exhibit with AFS. He also reported an expression of opinion 
by several F.E.M.A. representatives that they might feel it 
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advisable not to exhibit in 1960 or 1962 if the question of exhibit 
frequency is not promptly resolved. 

The President requested that action on the report of the Ex- 
hibits Promotion Committee be tabled until consideration of 
the 1959-1961 budget. The report of the committee was made a 
part of these minutes. 

F. E. F. Trustees. Director Dunn presented a written report on 
the F.E.F. meeting held May 22, 1959, with particular refer- 
ence to the question of an F.E.F. program including technical 
institutes. He stated that a committee of F.E.F. had recom- 
mended undertaking the program, but that no action had yet 
been taken although the F.E.F. position is that technical in- 
stitute education has “collegiate status.” His report stated: “The 
fact that technical institute education lies in the collegiate area 
is evidenced by the jurisdiction assumed over technical institutes 
by the American Society for Engineering Education and the En- 
gineer’s Council for Professional Development. These groups 
represent the engineering education fraternity on the one hand, 
and the engineering accreditation organization on the other.” 

Discussion indicated that AFS is not in a position at this time 
to undertake its own program of education at the technical in- 
stitute level. It was the consensus that the importance of tech- 
nical institutes will be increasing, in view of the fact that the 
trend in college and university engineering education is toward 
graduation requirements in excess of the present four years. 

Foundry Trust Committee. Director Durdin stated there was 
no formal report from the committee but that the work would 
be finalized for a report to the Board at the February 1960 
meeting. : 

Membership Analysis Committee. Chairman Slichter presented 
a report of the Membership Analysis Committee meeting held 
July 22, recommending: 


(1) That there be no change in dues or dues refunds at this 
time. 

(2) That further study be made of possible rearrangement of 
classes of membership and/or dues structure in terms of 
dues revenue. 

(3) That AFS should embark immediately on a strong organized 
program to develop increased membership, particularly in 
the sustaining and Company classes. 


A specific program was outlined for the recommended mem- 
bership “campaign” involving the Regional Vice-Presidents, AFS 
Directors, Chapter Chairmen, Chapter Membership Chairmen 
and, where feasible, members of the AFS Alumni group. It was 
the Board consensus that the program should be pursued vigor- 
ously and Chairman Slichter was authorized to take all neces- 
sary steps in conjunction with the staff. The full report of the 
committee is made a part of these minutes. 

National Castings Council Representatives. President Nelson 
and Vice-President Dunbeck reported briefly on the annual meet- 
ing of the National Castings Council held April 16, and minutes 
of the meeting were presented. The President made particular 
reference to improving the present operating foundry exhibit at 
the Chicago Museum of Science and Industry, and the General 
Manager stated that this was being pursued to the possible 
end of permanent supervision by the Chicago Chapter. 

Publications Committee. Minutes of the Publications Commit- 
tee were presented by Technical Director Massari, it being 
pointed out that the committee was requesting a total of $81,000 
for production of special publications during the two-year period 
1959-61. The President requested that action on this recom- 
mendation be tabled until discussion of the two-year budget. 
Minutes of the meeting were made a part of these minutes. 

Retirement Fund Trustees. The General Manager presented a 
lengthy report by the Chairman of the Retirement Plan Trus- 
tees, in meeting held July 10, recommending the following: 


(1) That the present Retirement Plan should be liberalized and 
brought up to date with existing retirentent plan provisions 
following the experience and inflationary effects of the 11- 
year period since the AFS plan was adopted in July 1948. 

(2) That the Society adopt at the earliest time consistent with 
AFS finances, a proposed revised Retirement Plan. 

(3) That the Society adopt immediately, as an adjunct to either 
the present or the proposed Retirement Plan, a program of 
Group Life Insurance not now in existence. 


In discussion, the General Manager stated that the proposed 
Retirement Plan, while containing certain liberalized provisions 
over the present plan, falls short of meeting the requirements of 
an up-to-date plan. He pointed out that the proposed plan 
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actually provides, in most cases, no more or even less retirement 
income than at present. 

The President requested that no action on the proposals be 
taken at this time in view of the fact that the insurance actuaries, 
Marsh & McLennan of Chicago, had been requested to provide 
additional data for a more equitable retirement plan. 

Self-Appraisal Committee. The President stated that he had 
not yet decided to appoint a Self-Appraisal Committee, and 
therefore no report was forthcoming. 

Technical Council. The Technical Director presented minutes 
of the Technical Council meeting held May 22, containing re- 
ports of the Divisions and General Interest Committees on 
activities in 1958-59 and programs for 1959-60. Without discus- 
sion, the minutes were accepted and made a part of these 
minutes. 

Technical Information Committee. The President stated that 
in view of the announced resignation of T. W. Curry as a Na- 
tional Director, no report of his committee was forthcoming, but 
that Mr. Curry would be requested to submit the objectives of 
the committee and a report on any activities to date for presenta- 
tion at the next Board meeting. 


Report on AFS Training & Research Institute 


Minutes of the T&RI Trustees meeting held April 14 were 
read for information, and the Technical Director reported on 
progress to date. He stated that there was no evident decline in 
attendance at the courses given during the year, and that 
regional courses were held in Los Angeles, San Francisco, Bir- 
mingham, Ala. and Hamilton, Ont. He announced that a Course 
Advisory Committee, comprising men of industry as well as edu- 
cators, had been appointed by the President, and that future 
courses given would be based on recommendations of this com- 
mittee. 

The General Manager presented an up-to-date report on efforts 
to obtain complete income tax exemption for the Training and 
Research Institute. A letter from attorneys Lee, Toomey and 
Kent of Washington, D. C. dated August 2, was presented report- 
ing that additional data had been requested by the Internal 
Revenue Department, and that no final decision had yet been 
reached on the T&RI application for tax exemption. 

Discussion indicated a consensus that AFS should not proceed 
at this time with construction of the proposed Foundry Training 
Center building in view of the Society’s present financial status. 
It was pointed out that the Board had approved by unanimous 
action, at a special meeting held Feb. 10 and 11, 1959, the follow- 
ing resolution: 


“THAT the AFS Board authorize construction of the Found- 
ry Training Center building to proceed promptly in accord- 
ance with the ‘Estimated Timetable’ presented, subject to 
Executive Committee approval of General Contractor Bids.” 


The President stated that actions proposed in conjunction with 
the 1959-1961 budget indicated the advisability of a further re- 
view of AFS finances at the February 1960 Board meeting be- 
fore giving any authorization to proceed with construction. It 
was pointed out, however, that the T&RI Building Committee 
has now finalized plans and that, since the architect has now 
been authorized to complete detailed specifications for the taking 
of general contract bids, the Society is now obligated for the full 
architectural fee based on estimated building construction costs. 

In view of progress to date, and following extensive discussion 
on all phases of project, on motion made, seconded and carried 
the following resolution was approved: 


“THAT the Executive Committee be authorized to complete 
architectural plans and specifications for the Foundry Train- 
ing Center building but that final action on construction be 
deferred until permanent AFS financing of T&RI opera- 
tions has been resolved.” 


Past President Durdin pointed out that the proposal to con- 
struct the Foundry Training Center building had been approved 
by three successive Boards of Directors, and that the T&RI 
Trustees in two successive years have recommended proceeding 
with construction in order to assure necessary facilities required 
to broaden the program of training courses. He cautioned that 
deferral of the building project at this time, in a period of rising 
business confidence, might have a permanent, adverse effect on 
the entire T&RI program. Discussion emphasized the consensus 
that, while the Board wished to defer temporarily the construc- 
tion of the building, the Directors did not wish to abandon the 
project. 


Board Committee Scope and Functions 


The President again requested the chairmen of Board com 
mittees to outline their understandings of scope and functions o 
their respective activities. He stated that the outline presente: 
by the Chairman of the Membership Analysis Committee ha 
been approved. 


Approval of Annual Audit 


The annual audit of the Society’s financial books as of Jun 
30, 1959, prepared by George V. Rountree & Co., Chicago, certi 
fied public accountants, was presented, discussed in detail and 
approved on motion duly made, seconded and carried. 


Election of Staff Officers for 1959 - 60 


In executive session, the Board of Directors re-elected for one 
year terms the following Staff officers: General Manager, Wm. W 
Maloney; Secretary A. B. Sinnett; Treasurer Edw. R. May; Tech 
nical Director S. C. Massari. 


Chapter Contacts 


Vice-President Dunbeck called attention to the Chapter Con- 
tacts Manual provided all Directors, and requested the Directors 
to read the manual and arrange their Chapter visits at the 
earliest possible date so that reports could be presented at the 
next Board meeting. He recommended that all visits stress 
strongly the question of membership activity and that Chapter 
contact reports be sent to the respective Regional Vice-Presidents, 
with copies to the Central Office. 


Continued Staff Employment 


The General Manager pointed out that under the Staff Re- 
tirement Plan, continued employment of staff personnel attain- 
ing the age of 65 requires Board approval. He stated that C. R. 
McNeill, Technical Assistant, and G. Hoshiga, Headquarters 
maintenance man, were both involved. Motion was made, sec- 
onded and carried authorizing continued employment of Mc- 
Neill and Hoshiga, subject to the discretion of the General 
Manager. 


Proposed Florida Chapter 


The General Manager stated that he had received communica- 
tions from past Directors George W. Cannon and E. C. Hoenicke, 
suggesting the possibility of forming an AFS Chapter or 
“Foundrymen’s Club” in Florida, in view of the number of past 
AFS members now residing in that state. Without vote, the 
General Manager was authorized to indicate the consensus of the 
Board as opposed to a formal Chapter but in favor of an in- 
formal club if any group of foundrymen now residing in 
Florida desires to organize one. 


Board Policy Manual 


The General Manager called attention to the Board Policy 
Manual adopted in 1953 and presented to all Directors. He spe- 
cifically pointed out that an existing Board policy cannot be re- 
vised at the same Board meeting when a revision is proposed, 
but must be offered to an “appropriate” committee for recom- 
mendations at a later Board meeting. 


Election of New AFS Director 


The President announced with regret that he had received 
communications from T. W. Curry, elected in 1958 for a 3-year 
term as National Director, stating that he felt it necessary to 
resign as a Director due to company obligations. The General 
Manager stated that, as authorized by the President, he had re- 
quested from the Piedmont Chapter the names of several quali- 
fied candidates for replacement. Three names were presented and 
following discussion, on motion made, seconded and unanimous- 
ly carried, the following member was elected National Director 
to fill the unexpired term of T. W. Curry to May 1961: 


Donacp E. MATruieu, Vice-President & Gen. Mgr. Wysong & 
Miles Foundry, Inc., Greensboro, North Carolina. 


The General Manager was instructed to inform Mr. Matthieu 
by phone of his election and to obtain his prompt acceptance. 


Approval of Resolutions 


The following resolutions required annually by banks of de- 
posit for the deposit and withdrawal of Society funds and docu- 




















menis were approved on blanket motion made, seconded and 
carried: 

RESOLVED that resolutions required by the Harris Trust & 
Savings Bank of Chicago, Illinois, and by the First National 
Bank of Des Plaines, Illinois, authorizing the withdrawal of 
Society funds, are hereby approved and the General Manager 
authorized to certify thereto. 

RESOLVED that checks for the withdrawal of funds deposited 
in the name of the Society with depository banks, including all 
Checking accounts and Interest Savings accounts, and for the 
disposition of all temporary Securities held in the various funds 
of the Society by the Harris Trust & Savings Bank of Chicago 
and/or the First National Bank of Des Plaines, shall require the 
signature of any two of the following: President, Vice-President, 
General Manager, Secretary, Treasurer. 

RESOLVED that directives to the Harris Trust & Savings 
Bank concerning the AFS Investment Trust Account shall be 
only by means of letter or resolution bearing the personal. signa- 
tures of all members of the AFS Finance Committee. Where 
immediate action is necessary, the Treasurer of AFS is designated 
to so inform the Harris Trust, but such information must be 
promptly confirmed by personal signatures. 

RESOLVED that the Secretary be authorized to maintain, if 
deemed feasible, a Safety Deposit Box in the name of the So- 
ciety at some convenient location for the safekeeping of Society 
documents, and that any two of the following have authority to 
obtain access to such safety deposit box. President, Vice-Presi- 
dent, General Manager, Secretary, Treasurer. 

RESOLVED that the General Manager be authorized to 
execute all Contracts for the administration of Society affairs, 
subject to specific approval by the Board of Directors. In the 
case of AFS-sponsored research projects, approval of projects by 
the Board of Directors includes authority for the General Manag- 
er to execute contracts for the performance of such projects on 
a bid basis. 

RESOLVED that the General Manager be authorized to re- 
imburse Travel expenses for members of the Society in attend- 
ance at any regularly called meeting of the Board of Directors, 
official Administrative and Special committees, and Technical 
committees with the following exception: No expenses shall be 
paid to Directors or committee members for attendance at meet- 
ings held during the week of the Annual Convention of the 
Society, unless specifically authorized by the Board of Directors. 

RESOLVED that the General Manager be authorized to nego- 
tiate the compensations of necessary Staff employees below $6,000 
per year, and that Finance Committee approval be required on 
all compensations of $6,000 per year or more. 

RESOLVED that Indemnity Bonds be maintained covering 
responsible financial Officers of the Society, as follows: Blanket 
Position Indemnity Bond covering all Staff Members and in- 
cluding all Officers of the Society, whether compensated or not, 
in the amount of $30,000 each. All premiums for such Indem- 
nity Bonds to be paid by the Society. 


Appointment of 1959-60 Nominating Committee 


The President announced appointment by the Executive Com- 
mittee of the 1959-60 Nominating Committee, in meeting held 
August 6. 

In accordance with the By-Laws, motion was made, seconded 
and carried unanimously approving the Nominating Committee 
appointments recommended. 


Approval of Income & Expense Budgets 1959 - 1961 


The President pointed out that preparation of a 2-year budget 
was complicated by the fact that the Society incurred a net 
deficit of approx. $60,000 in the 2-year period 1957-1959. He also 
pointed out that any budget approved for 1960-61 would be 
subject to revision in August 1960. 

Recommendations of the Finance Committee were presented 
affecting budgetary proposals, as follows: 

Member Dues. Membership “campaign” recommended by the 
Membership Analysis Committee. 

Mopern Castincs Display Advertising. Budgets based on rec- 
ommendations that display advertising rates be increased effec- 
tive January 1, 1960 in such degree as the General Manager may 
feel desirable and effective. The Finance Committee also recom- 
mended a program of more aggressive selling. 

Special Publications. Budgets not based on revision of the 
existing pricing structure, although the Staff was again urged to 
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consider upward revision in conjunction with the Publications 
Committee. 

Conventions & Exhibits. Budgets for the period 1959-1961 
based on Finance Committee recommendations that the Society 
adopt recommendations of the Exhibits Promotion Committee 
for a 6-year cycle of Conventions and Exhibits incorporating the 
following during the period 1960-1965: 


1960 — Castings Congress and unlimited Equipment-Supplies 
Operating Exhibit, in Philadelphia. 

1961 — Castings Congress, in San Francisco. 

1962 — International Foundry Congress, AFS Castings Congress 
and unlimited Equipment-Supplies Operating Exhibit in 
Detroit. 

1963 — Castings Congress, in Boston. 

1964 — Castings Congress, Engineered Castings Show, and “lim- 
ited” Supplies Exhibit (location to be decided). 

1965 — Castings Congress and unlimited Equipment-Supplies 
Operating Exhibit (location to be decided). 


The President stated that for the 6-year plan outlined to be 
economically satisfactory to AFS, the so-called “limited” show 
must be large. Therefore, AFS acceptance of the plan must de- 
pend upon being able to work out with F.E.M.A. some mutually 
agreeable details, regarding specific limitations and matters of 
rate, which might be expressed in “letters of intent” between 
AFS and exhibitor groups. Following extensive discussion, on 
motion made, seconded and carried, the following resolution was 
approved. 


THAT the exhibits program recommended by the Finance 
committee be approved, provided the AFS Officers are able 
to negotiate satisfactory and reciprocal letters of intent with 
main exhibitor groups affected. 


It was pointed out that the resolution rescinded action by 
previous Boards of Directors concerning the types of events to be 
held in San Francisco in 1961 and Boston in 1963. Without vote, 
the intent of the resolution was accepted. 

On motion made, seconded and carried, recommendation of 
the Finance Committee was approved that space rentals at the 
1960 Foundry Show be on the basis of $4.00 per square foot. 

Buyers Direcrory. The General Manager announced that ad- 
vertising for the 1959 Buyers Directory was closed, with 132 pages 
of advertising under contract. He pointed out that the budget 
therefore should be increased to at least $50,000 income. 

Income from Investments. The Board approved elimination of 
all Investment Income from 1959-1961 budgets, following the 
Finance Committee’s recommendation that such income be 
utilized to pay interest on and partially liquidate the principal 
of AFS bank loans totaling $160,000 as of August 15. Without 
vote, the Board approved Finance Committee recommendations 
that AFS bank loans be not liquidated at this time by the sale 
of securities from the Investment Trust fund. 

Salaries. Recommendations of the Finance Committee re Staff 
salaries were approved in executive session of the Board. 

Board and Executive Committee Travel and Expense. The 
President called attention to existing Board policy reimburse- 
ment of travel expense for Board members attending regular 
and special meetings of the Board and Executive Committee, and 
requested all Directors to assume such expenses wherever pos- 
sible during the next two years. 

Special Publications Production. The Board accepted, without 
vote, budgetary recommendations of the Finance Committee, 
and requested the Technical Director to inform the Publications 
Committee that the Society was unable to accept the full recom- 
mended sums for new publications during the next two years. 

Convention Expense. Without vote, the Board accepted recom- 
mendation of the Finance Committee that the President's Re- 
ception be not held in 1960 and 1961. 

Chapter Officers Conference. Recommendation of the Finance 
Committee was approved that the 1960 and 1961 Chapter Officers 
Conferences be limited to one officer per Chapter at AFS ex- 
pense, each Chapter to be permitted to send a maximum of one 
additional Chapter officer, at Chapter expense, to the conferences 
scheduled. 

Education. Finance Committee recommendations were ap- 
proved (a) that expense of bringing Apprentice Contest winners 
to the Annual Conventions in 1960 and 1961 be limited to first 
prize winners only in the national contest; and (b) the Foundry 
Instructors Seminar be held next in 1961 but not in 1960. 

Film Account. Finance Committee recommendation was ap- 
proved that funds requested by the Education Division for the 
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film, ‘“‘The Modern World of Cast Metals,” be withheld until 
sufficient funds may become available in view of the fact that a 
prior film, “Cast Metals and You,” has already been accepted 
as an AFS expense. 

T&RI Contributions - Research. Finance Committee recom- 
mendations were approved that T&RI contributions budget for 
Research in 1959-1961 be set at $35,000 for each year. The Board 
expressed unanimous regret over present inability, because of 
lack of funds, to accept recommendations of the research com- 
mittees of the Technical Divisions for a 2-year budget totaling 
$168,000. The Technical Director was instructed to inform the 
research committees of the Board’s inability to currently finance 
the full program, but to express the intent to increase Research 
contribution expenditures at the earliest possible date. 

T¢RI Contributions — Foundry Instructors Seminar. Finance 
Committee recommendation was approved that no Foundry In- 
structors Seminar be held in 1960, and that the 1961 Seminar be 
subject to budgetary review in August 1960. 

Retirement Expense. Finance Committee recommendations 
were tentatively approved that the present Retirement Plan be 
continued without change and that no Group Life Insurance 
program be undertaken by AFS pending further data requested 
of the AFS insurance actuaries and subject to the Society's 
finances. 

The minutes of the Finance Committee, as accepted, are made 
a part of these minutes. 


Approval of Finance Committee Actions 


On motion made, seconded and carried the Board appro\ 
the following interim actions of the Finance Committee: 

(a) Approved Finance Committee action re bank loan 
$100,000 dated June 17, 1959 and bank loan of $30,000 dat: 
July 31, 1959 with the Harris Trust and Savings Bank, Chicag) 
in order to provide operating cash. 

(b) Approved action of the Finance Committee in negotiatin, 
an additional bank loan of $30,000 by August 15, with th 
Harris Trust and Savings Bank, to provide further operatin 
cash prior to receipt of 1960 Exhibit revenues. 


Announcement of Next Board Meeting 


The President announced that the next meeting of the Boar: 


of Directors would be held at the Cloister, Sea Island, Ga 
February 22-23, 1960. 


There being no further business to be considered, the Annual 


Meeting of the Board of Directors was declared adjourned 


Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 

APPROVED: 

C, E. Newson, President 

October 12, 1959 





Minutes 
Special Meeting 1959-60 of AFS Executive Committee 
Ambassador West Hotel, Chicago — Aug. 6, 1959 


Rot CALL: President C. E. Nelson, presiding 
Vice-President N. J. Dunbeck 
Past President L. H. Durdin 
Regional Vice-Pres. T. W. Curry 
Regional Vice-Pres. W. D. Dunn 
Regional Vice-Pres. F. J. Pfarr 
Regional Vice-Pres. R. R. Deas, Jr. 
Regional Vice-Pres. HM. Patton 
Regional Vice-Pres. W. L. Kammerer 
Regional Vice-Pres. J. N. Wessel 


President Nelson having called the special meeting to order, 
the new By-Laws of the Society were read, describing the method 
by which the Nominating Committee is appointed for the elec- 
tion of a President, a Vice-President and new Directors of the 
Society. Names of various candidates were presented from lists 
submitted by 20 eligible Chapters. It was reported that 6 eligible 
Chapters had not submitted the names of candidates, 21 Chap- 
ters being “ineligible” under the By-Laws. 

In accordance with the By-Laws, six members were appointed 
by the Executive Committee to form, together with Past Presi- 
dents L. H. Durdin and H. W. Dietert, the 1959 Nominating 
Committee, as follows: 


Past-President Lewis H. Durdin, President, Dixie Bronze Co., 
Birmingham, Ala. — Chairman. 

Past-President Harry W. Dietert, Chairman of the Board, 
Harry H. Dietert Co., Detroit. 

S. W. Chappell, Fdy. Supt., Electric Boat Div., General 
Dynamics Corp., Groton, Conn., (rep. Region 1, Chapter 


Group A—Connecticut Chapter, Brass & Bronze and Alumi- 
num). 

A. H. Hinton, Mgr. Sand Fdy., Aluminum Company of Ameri- 
ca, Cleveland, (rep. Region 3, Chapter Group F—Northeast- 
ern Ohio Chapter, Aluminum). 

A. V. Martens, President, Pekin Foundry & Mfg. Co., Pekin, 
Ill, (rep. Region 5, Chapter Group M—Central [Illinois 
Chapter, Gray Iron). 

M. B. Parker, Sr., President, M. B. Parker Co., Memphis, 
Tenn., (rep. Region 6, Chapter Group O—Mid-South Chap- 
ter, Gray Iron, Brass & Bronze, Aluminum). 

G. W. Poirier, Fdy. Engr., Adirondack Steel Casting Co., Div. 
Consolidated Foundries & Machine Corp., Watervliet, N. Y., 
(rep. Region 2, Chapter Group C—Eastern New York Chap- 
ter, Gray Iron and Steel). 

O. H. Rosentreter, President, Otto H. Rosentreter Co., Bell 
Gardens, Calif., (rep. Region 7, Chapter Group Q—Southern 
California Chapter, Equipment). 


The General Manager was instructed to notify immediately 
those selected and to obtain prompt acceptance. 
There being no further business to be considered, the Execu- 
tive Committee was adjourned. 
Respectfully submitted, 
Wo. W. MALONEY 
General Manager 
APPROVED: 
C. E. NEtson, President 
Oct. 12, 1959 





Minutes 
Meeting of 1959-60 Nominating Committee 
Hotel Sherman, Chicago— Dec. 7, 1959 


Rott Catt: Chairman, L. H. Durdin (past President) 
H. W. Dietert, past President. 

Region | — S. W. Chappell, Groton, Conn. 

Region 2 — G. W. Poirier, Watervliet, N. Y. 





Region 3 — A. H. Hinton, Cleveland. 
Region 5 — A. V. Martens, Pekin, Ill. 
Region 6 — M. B. Parker, Sr., Memphis, Tenn. 
Region 7 — O. H. Rosentreter, Bell Gardens, Calif. 
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Nomination of President 


On motion duly made, seconded and unanimously carried, the 
incumbent AFS Vice-President, NorMAN J. DUNBECK, Vice-Presi- 
dent, international Minerals & Chemical Corp., Old Orchard 
Road, Skokie, Ill, was nominated President of the Society for 
the ycar 1960-61. 


Nomination of Vice-President 


Following submission of names of candidates and on motion 
duly made, seconded and unanimously carried, ALsext L. Hunt, 
Exec. Vice-President, Superior Foundry, Inc., Cleveland, was 
nominated Vice-President of the Society for the year 1960-61. 

The Chairman announced that Mr. Hunt's willingness to 
serve was based on his being able to function as stated in the 
Society's By-Laws, namely, as an “Executive Officer” of AFS, 
with minimum travel requirements. His nomination was voted 
with this principle of operation known and acceptable to the 
Committee. 


Nomination of Directors 


By-Laws of AFS were read as relating to organization of the 
Board of Directors, and as to Nominating Committee pro- 
cedures. The Chairman pointed out that the Committee was 
expected to mame six National Directors, each for a term of 
three years commencing May 14, 1960, and each from a Chapter 
Group which, without action by the Committee, would have no 

tation on the National Board. 

The Chairman also stated that by action of the AFS Board, 
Directors-at-large elected by the Board of Directors under the 
By-Laws should not be considered by the Nominating Commit- 
tee as providing, in themselves, “Chapter Group representation” 
on the Board. 

The following six Chapter Groups then were designated as 
tequiring consideration of the Nominating Committee because 
of,expirations of terms of office of present Directors in May 1960: 


Region 1, Chapter Group A (Connecticut, Metropolitan, New 
England) — Director H. G. Stenberg (New England), term 
exp. 1960. : 

Region 2, Chapter Group C (Central New York, Eastern New 
York, Rochester) — Director W. D. Dunn (Central New York), 
term exp. 1960. 

Region 3, Chapter Group F (Northeastern Ohio) — Director F. J. 
Pfarr, term exp. 1960. 

Region 5, Chapter Group K (Chicago) — Director-at-Large C. A. 
Sanders, term exp. 1961; President Elect N. J. Dunbeck, term 
exp. 1962. 

Region 6, Chapter Group O (Birmingham, Mid-South, Tennes- 
see)— Directors L. H. Durdin (Birmingham) and Karl L. 
Landgrebe, Jr. (Tennessee), terms exp. 1960. 

Region 7, Chapter Group Q (Northern California, Southern Cali- 
fornia, Utah)— Director John R. Russo (Nor. California), 
term exp. 1960. 


The Chairman stated that Chapter Group K (Chicago) should 
be considered because neither President Elect Dunbeck nor 
Director-at-Large Sariders may be considered “Chapter repre- 
sentatives” on the AFS Board. 

The Chairman stated that Chapter Group B (Dir. Hochrein, 
exp. 1960) should not be considered, since Director D. E. Mat- 
thieu is a continuing Director; and that Chapter Group L 
(Director Slichter, exp. 1960) should not be considered because 
Director Amrhein is continuing. 

Candidates submitted by the Chapters, as requested under the 
AFS By-Laws, were then presented. It was pointed out that of 
26 Chapters “eligible” for consideration of candidates, 10 had 
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submitted no candidates; and that 21 Chapters were considered 
“ineligible” by reason of continuing Board representation after 
May 1960. 

Following submission of all candidates, the Nominating Com- 
mittee nominated the following AFS members to serve as Na- 
tional Directors of the Society for terms of office and representa- 
tion as indicated: 


Chapter Group A (Region 1)— Connecticut Chapter 
Robert R. Ashley, Foundry Mgr., Detroit Controls Div., Ameri- 
can Radiator & Standard Sanitary Corp., Bridgeport, Conn.— 
representing Gray Iron. 
Chapter Group C (Region 2)— Rochester Chapter 
Donald E. Webster, Foundry Supt., American Laundry Machine 
Co., Rochester, N. Y. — representing Gray Iron. 
Chapter Group F (Region 3)— Northeastern Ohio Chapter 
Walter E. Sicha, Chief, Cleveland Research Div., Aluminum 
Co. of America, Cleveland — representing Light Metals. 
Chapter Group K (Region 5)— Chicago Chapter 
James T. Moore, Vice-President, Wells Mfg. Co., Skokie, Ill. — 
representing Gray Iron. 
Chapter Group O (Region 6)— Birmingham District Chapter 
Warren C. Jeffrey, Prod. Dev. Mgr., McWane Cast Iron Pipe 
Co., Birmingham, Ala. — representing Gray Iron. 
Chapter Group Q (Region 7)— Southern California Chapter 
*A. E. Falk, General Manager, Centrifugal Casting Co., Long 
Beach, Calif. — representing Steel. 

*(Nore: Following acceptance, the nominee from Southern 
California notified AFS in January that it was necessary to with- 
draw his name because of new responsibilities requiring un- 
divided attention. The Chapter being notified, names of new 
candidates were submitted by the Chapter and Mr. Falk selected 
by the Board of Directors in meeting Feb. 22-23.) 


Notifications 
All Officer and Director nominees selected by the Nominating 


Committee were contacted by telephone and their acceptances 
personally obtained. 


General 


The Chairman stated that all names of candidates submitted 
by the Chapters and not acted upon by the Nominating Com- 
mittee would be referred to the Board of Directors’ special Nom- 
inating Committee, for consideration in the election of one 
Director-at-Large as provided in the By-Laws. 

Election Procedures 

The Chairman pointed out that under the By-Laws additional 
nominations may be made by written petition signed by 200 
members in good standing, at any time 45 days prior to the 
Society's Annual Business Meeting, to be held May 11 in Phila- 
delphia. Newly elected Officers and Directors assume office on the 
day following the close of the Society's Annual Meeting . . . in 
1960, on May 14. 

Members of the Committee were requested to hold all nomi- 
nating discussions strictly confidential; and that first publication 
of names of nominees would appear in the February issue of 
MopeRn CASTINGS. 

There being no further business to be considered, the Nomi- 
nating Committee adjourned. 


Respectfully submitted, 
L. H. Durpin, Chairman 


1959-60 Nominating Committee 





Minutes 
Meefing of AFS Board of Awards 1959-60 
Union League Club, Chicago—Dec. 8, 1959 


Rott CALL: Presiding Past Pres. I. R. Wagner (1952-53) 
Past Pres. Collins L. Carter (1953-54) 

Past Pres. Frank J. Dost (1954-55) 

Past Pres. Bruce L. Simpson (1955-56) 


Past Pres. Frank W. Shipley (1956-57) 
Past Pres. Harry W. Dietert (1957-58) 
Past Pres. Lewis H. Durdin (1958-59) 
Wm. W. Maloney, Board of Awards Secretary 
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The Chairman thanked all present for another 100% attend- 
ance, and asked that minutes of the 1958 Board of Awards meet- 
ing be read, as previously approved by letter ballot. 


Agreement on Procedures 


Before considering specific candidates for awards, a number of 
procedures were decided: 


(a) Following study of Award Fund accumulations and past 

frequency of medal awards, agreed that the Pangborn, 

McFadden and. Seaman medals would be considered for 

1960 Awards. 

Suggestions for the various awards as originally indicated by 

donors were studied, it then being agreed that all medals 

would be considered interchangeable for purposes of 1960 

awards. 

(c) Agreed that any recipient of an Award of Scientific Merit 
or Service Citation be considered eligible for future Board 
of Awards consideration for other awards. 

(d) Agreed that all persons submitting nominations for award 
consideration, not acted upon by the Board of Awards, be 
thanked for interest and cooperation over the signature of 
the Chairman, and urged to continue submission of new 
candidates. 

(e) Agreed that the Secretary would prepare and maintain a 
single, permanent book of all nominees submitted in previ- 
ous years, kept up to date in terms of award decisions; and 
that the Board of Awards receive full data on all new and 
continuing candidates in advance of each annual meeting. 


(b 
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Gold Medal Awards 


Following consideration of all candidates submitted, the Board 
of Awards recommended, on motions made, seconded and carried, 
the following to receive AFS Gold Medals in 1960 for the reasons 
stated, subject to approval by the Board of Directors. 


To SAMuEL F. Carrer, JR., Assistant Works Manager, American 
Cast Iron Pipe Co., Birmingham, Ala. The Wm. H. McFadden 
Gold Medal . . . “For exceptional contributions to AFS and 
the Castings Industry in the fields of Cupola Melting, Electric 
Steel Melting, and Control.” 

To Watpeck W. Levi, Consulting Metallurgist, Radford, Va. The 
Thomas W. Pangborn Gold Medal . . . “For outstanding con- 
tributions to the Society and the Ferrous Castings Industry in 
the fields of Cupola Metallurgy, Research and Operations.” 

To TuHeron D. Stay, Technical Advisor, Reynolds Metals Co., 
Cleveland. The Joseph S. Seaman Gold Medal . . . “For out- 
standing technical contributions to the Society and the Light 
Metals Industry over many years, particularly in Alloying and 
Casting.” 


Awards of Scientific Merit 


Following consideration of candidates, the following Awards 
of Scientific Merit for 1960 were recommended for approval by 
the Board of Directors, on motions made, seconded and carried: 


To Grorce P. HALLIWELL, Director of Research, H. Kramer & 
Co., Chicago. The Award of Scientific Merit . . . “For note- 
worthy achievements in the field of Brass and Bronze Casting, 
and for outstanding technical services to the Society.” 

To Grorce T. Timmons, Vice-President and Director of Re- 
search, Climax Molybdenum Co., Detroit. The Award of Sci- 
entific Merit . . . “For notable contributions and services to 
AFS and the Ferrous Foundry Industry in the fields of heat 
treatment and alloying of Gray Iron.” 


AFS Service Citations 


Following consideration of candidates, the following AFS 
Service Citations for 1960 were recommended for Board of Direc- 
tors approval, on motions made, seconded and carried: 


To Witu1aM M. BALL, Jr., Metallurgist and Foundry Consultant, 
R. Lavin & Sons, Inc., Chicago. The AFS Service Citation .. . 
“For outstanding and inspirational services to AFS, its Chap- 
ters, and the Non-Ferrous Castings Industry over many years.” 


To Victor E. ZANG, Vice-President of Research & Developm« 
Unitcast Corp., Toledo, Ohio. The AFS Service Citation . 
“For tireless and continuous efforts on behalf of AFS and - 
Steel Casting Industry in promotion of cooperative techni. .| 
endeavor.” 


Honorary Life Membership 


It was pointed out that Honorary Life Membership customa: 
is voted the outgoing President of the Society, but that Presid: 
Nelson was already a Life Member by reason of his deliver: 
the Annual Hoyt Lecture in 1948. 


Coe 


C. E. Hoyt Memorial Lecturer 1960 


It was pointed out that the 1960 Hoyt Lecturer, Wm. J. Grede, 
had received Honorary Life Membership in 1953, as the recipient 
that year of the Society's McFadden Gold Medal. The Secretary 
therefore was instructed, in accordance with past practice, to 
arrange a suitable gift or emolument for presentation to Mr. 
Grede in lieu of Life Membership. 


Acceptances 


It was agreed that all award recipients would be notified of 
their selection, following approval by the Board of Directors, by 
means of telegrams signed by Chairman Wagner, and that first 
publicity on selectees would appear in MopERN CAasTINGs in the 
earliest possible issue. 


Presentations 1960 


The Board of Awards agreed that all 1960 awards would be 
presented as follows: Awards of Scientific Merit and Service 
Citations, at the Annual Business Meeting; Gold Medal Awards 
at the Annual Banquet; all awards presented by Chairman Wag- 
ner; all award recipients to receive leather bound copy of pro- 
grams of their respective meetings. 


General 


(a) The Secretary was requested to provide each new member 
of the Board of Awards with a copy of the existing Awards 
Manual. The Secretary stated that the present Awards Manual 
badly needs revision, and agreed to pursue complete revision 
prior to the next meeting. 

(b) It was agreed that citations for all 1960 awards would be 
drafted promptly by the Secretary for approval by Chairman 
Wagner. 

(c) It was suggested that the S. Obermayer Fund should be 
consolidated with other Award funds if the deed of grant so 
permits. The Secretary agreed to pursue the matter and advise 
the Chairman for early action. 

(d) Question was raised as to interest-bearing advantages of 
U.S. Series K vs. Series G Bonds for Award fund investment. 
The Secretary agreed to investigate and consult with the Chair- 
man for possible reinvestment of present funds. 

(e) Members of the Board of Awards requested that all past, 
present and future Award recipients should receive some dis- 
tinctive lapel pin designating Award status, at Board of Awards 
expense. It was suggested that such pin be distinctive from the 
present AFS service pin, perhaps as to color of background, an 
added bar, etc. It was the consensus that if such pin were pre- 
sented to Honorary Life Members, this should be at AFS expense. 

On motion made, seconded and carried, the Board of Awards 
recommended that the Board of Directors approve development 
and use of such lapel pins for Award recipients. 

There being no further business to be considered, the meeting 
was declared adjourned. 


Respectfully submitted, 
Wm. W. MALONEY 
Secretary, Board of Awards 

APPROVED: 

I. R. WAGNER, Chairman 

May 11, 1960 
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Minutes 
Special Meeting of AFS Executive Committee 
The Cloister, Sea Island, Ga. — Feb. 21, 1960 


Rott CALL: President Charles E. Nelson, presiding 
Vice-President Norman J. Dunbeck 
Vice-President Elect Albert L. Hunt 
Regional Vice-Presidents 

A. A. Hochrein 
W. D. Dunn 
F. J. Pfarr 
R. R. Deas, Jr. 
H. M. Patton 
W. L. Kammerer 
J. N. Wessel 
StarF: AFS General Manager W. W. Maloney 
AFS Secretary A. B. Sinnett 
President Nelson called the meeting of the Executive Com- 
mittee to order. 


Report of Regional Vice-Presidents 


President Nelson stated that the purpose of the meeting was to 
review minutes of the Regional Administration Meetings with 
the intention of developing recommendations to the Board of 
Directors for action that might be suggested or outlined by the 
Chapters in attendance. Each Regional Vice-President was  re- 
quested to discuss those points most pertinent to action as 
requested by the Chapters. 


Distribution of Minutes 


It was the unanimous opinion of all Regional Vice-Presidents 
and a directive of the President that the Staff should forward to 
each of the Directors a copy of minutes of all Regional Admin- 
istration Meetings. It was agreed that this would be an excellent 
means of keeping in contact with the entire pulse of AFS mem- 
bership and any developments or problems that occur in the 47 
Chapters. 


Canadian Chapter Refunds 


The Canadian Chapters registered a complaint on the “com- 
pounded loss” in paying AFS memberships in Canadian money 
and at the same time receiving dues refunds in American dollars. 
The General Manager pointed out that when the Canadian 
dollar was approximately 10% below the U.S. dollar, AFS set up 
bank accounts in Canada to allow Canadian members to pay in 
Canadian funds into Canadian bank accounts. As a result it was 
necessary for Canadian Chapters to collect all Canadian dues, 
and the result was over $30,000 accumulated in Canada and in- 
vested in Canadian government bonds. 

He suggested that the small amount of money involved, favor- 
able to AFS accounts at this time, be considered in terms of the 
Society's cooperation with the Canadian members when the dol- 
lar valuation was unfavorable to Canada. He pointed out that 
refunds to the three Canadian Chapters totaled $4100 and, at 
the present exchange rate of 314%, would mean a total exchange 
“loss” to the three Canadian Chapters of only $147. 

The General Manager recommended that AFS not return to 
intra-Canadian collection of dues because of the added burden 
this would place on Canadian Chapters and the considerable 
administrative and accounting difficulties involved. He agreed to 
explore further, however, the possibility of AFS making dues 
refunds to Canadian Chapters with Canadian bank drafts but 
expressed the belief that the small amount of money involved 
would probably make such a plan impractical. 


Letter of Appreciation 


Ensuing discussion concerning membership activities in the 
Chapters resulted in unanimous agreement that whenever a 
Chapter goes over its target for membership, the Chapter Chair- 


man and the Membership Chairman should receive personal 
letters from the Central Office. 


Foundry Instructors Seminar 


Definite concern was expressed by the Chapters on the action 
of the Board in dropping the Foundry Instructors Seminar. The 
Executive Committee recommended the Staff mail a notice to all 
instructors previously solicited for the Seminar, stating that the 
meeting had been discontinued for 1960 but probably would be 
re-established in 1961. 


Meeting Agendas 


The problem of coming properly informed and equipped for 
Regional Administration Meetings was discussed. Many of the 
men had little information or fully recognized the purpose of 
the meeting. The Executive Committee recommended that all 
Agendas be sent out well in advance of meetings as developed 
by the Central Office and the Regional Vice-Presidents. 


Development of Top Management Interest 


Throughout the entire meeting it was expressed that the 
Chapters and membership recognize the necessity for greater top 
management acceptance of AFS in order that technical and line 
supervision personnel can participate freely in the activities of 
the Society. The Executive Committee strongly recommended 
that the Society extend efforts to “sell the Society” to top 
management. 


Chapter Officers Conference 


A Board policy concerning the 1960 Chapter Officers Confer- 
ence was reviewed from the standpoint of delegates whose ex- 
penses would be accepted by AFS. It was stated that the Society 
would accept expenses of one delegate from each Chapter, and 
that the Chapters may send one additional delegate to the Con- 
ference at Chapter expense. 

Discussion included the possibility of holding the Chapter 
Officers Conference every other year and inviting both the Chair- 
man and Vice-Chairman at AFS expense, thus eliminating repeti- 
tion of individuals attending for two years and still accomplish- 
ing the job of orienting Chapter officers. It was suggested that 
the Chapter Officers Conference be coupled with the Regional 
Administration Meeting every year so as to fill in the lapse of a 
biennial Chapter Officers Conference and still maintain necessary 
and desired contacts with the Chapters and the membership. 


Financial Report on Membership 


Discussion was opened by President Nelson concerning the 
possibility of presenting a financial report of the Society to the 
membership. It was pointed out that a financial report appears 
in the Annual Transactions and is thus available to the mem- 
bership. It was suggested that the expenditure for such an 
annual report might well be put into the form of a top caliber 
promotional piece to be distributed to top management, designed 
to sell the merits of the Society and participation in its activi- 
ties, with hopes of more direct participation and interest of top 
management in Society affairs. 

There being no further business the meeting was declared 
adjourned. 


Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 

APPROVED: 

C. E. Newson, President 

April 29, 1960 














Minutes 


Meeting of AFS Board of Directors 


Rott Catt: President Charles E. Nelson, presiding 
Vice-President Norman J. Dunbeck 
Vice-President Elect Albert L. Hunt 

Directors (exp. 1960) 
Wm. D. Dunn 
Lewis H. Durdin 
A. A. Hochrein 
Karl L. Landgrebe, Jr. 
Fred J. Pfarr 
John R. Russo 
Allen M. Slichter 
Henry G. Stenberg 
Directors (exp. 1961) 
David W. Boyd 
Richard R. Deas, Jr. 
Jake Dee 
Webb L. Kammerer 
Donald E. Matthieu 
Hillard M. Patton 
Clyde A. Sanders 
Directors (exp. 1962) 
Norman N. Amrhein 
Donald L. Colwell 
Robert E. Mittlestead 
A. Jack Moore 
James N. Wessel 
StaFF: General Manager Wm. W. Maloney 
Secretary Ashley B. Sinnett 
Absent: Directors Wm. H. Oliver (exp. 1962), L. J. Pedicini 

(exp. 1962). 

A quorum having been established, President Nelson called the 
meeting of the AFS Board of Directors to order. 


Introduction of New Officers and Directors 


President Nelson introduced the new Vice-President Elect, 
Albert L. Hunt of Superior Foundry, Inc., Cleveland; also Direc- 
tor Donald E. Matthieu, Wysong & Miles Foundry Co., Greens- 
boro, N. C., elected to fill the vacancy caused by resignation of 
T. W. Curry. 


Reading and Approval of Minutes 


Minutes of the Annual Board Meeting held Aug. 6-7, 1959, 
having previously been approved by letter ballot of the Board, 
were briefed as to principal actions taken and matters pending. 

The President announced that recommendations of the Board 
of Awards for AFS awards to be presented at the 1960 Annual 
Meeting had been previously approved by letter ballot of the 
Board of Directors. 


Report of the General Manager 


The semi-annual report of the General Manager for the period 
ended December 31 covered projects previously initiated. It was 
emphasized that a primary Staff activity would be development 
of the 64th Annual Castings Congress and Exposition in May. 
Developments to date: 


Regional Administration Meetings. All seven Regions held 
Regional Administration Meetings, minutes of each being re- 
viewed by the Executive Committee for recommendations to the 
Board of Directors. 

Regional Conferences. Eight Regional Conferences were held: 
Empire State, Michigan, Missouri Valley, New England, North- 
eastern Ohio, Purdue, Wisconsin, and Southeastern. All reported 
excellent attendance and generally outstanding technical pro- 
grams. 

1960 Exposition. The General Manager stated that the Tech- 
nical Director’s report fully covered development of the technical 
program of the Castings Congress. On the Exposition, he re- 
ported better than 80,000 sq ft under contract, a total less than 
anticipated. Concentrated solicitation of additional exhibits was 
being continued, he said, by Messrs. Davis, Sinnett and Weber 
until early March, after which few new exhibits could be ex- 


The Cloister, Sea Island, Ga. — Feb. 22-23, 1960 


pected. With one exception, he said, there was no evidence that 
the lower-than-expected total of exhibitors was influenced by tix 
question of AFS exhibit frequency. 

Anticipating this situation last October, the General Manager 
stated, the public relations firm of Denham & Co., Detroit, had 
been retained with the approval of the President to develop an 
extensive promotional campaign for both exhibits and attend- 
ance. Direct evidence of results from this campaign could not 
be fully gauged, he said, in advance of the event. 

Mopern Castincs. The General Manager reported that because 
of decreased advertising last year, a complete change in the 
Advertising staff occurred in October. Advertising now is being 
solicited by two firms of Advertising Representatives, Dwight 
Early & Co. in the midwest, C. A. Larson & Associates in the east. 

The General Manager reported that the Society has been 
fortunate to employ Harold E. Green, formerly Executive Editor 
of Media-Scope magazine and of Printers Ink magazine, as 
Managing Director of MopeRN Castincs effective March 1. Mr. 
Green is to be in complete charge of the entire magazine opera- 
tion — advertising, editorial and production — reporting to the 
General Manager. 

Buyers Directory. It was reported that the first edition of the 

AFS Buyers Directory, published October 1959, had been well 
received and was expected to at least break even financially prior 
to a second edition in 1961. While statements as of Dec. 31 show 
net expense of $3300, this net expense should become a net 
income through sale of the remaining 3900 copies at $10 each. 
. Publications. The report recalled the expressed interest of the 
Finance Committee and Board in the pricing of Special Publica- 
tions, and the feeling that present publications policies, adopted 
in 1953, should be studied for possible revision. The General 
Manager stated that the Publications Committee was prepared 
to recommend increases in most publications prices. 

He further reported that the backlog of AFS publications in 
process is rapidly approaching a danger point unless sufficient 
personnel can be employed to meet any sudden surge of com- 
pleted manuscripts. It is not economical, he said, to use high- 
priced personnel for editing jobs, and the use of part-time edit- 
ing personnel has already been explored with unsatisfactory 
results. 

Research. The General Manager reported that the budget re- 
duction of funds for T&RI Research this year, as expected, has 
not been satisfactory to anyone and has resulted in bad public 
relations for AFS. He said that some means must be developed 
to avoid a prolonged “austerity” program, if AFS is to continue 
adequate Research programs. 

Education. The General Manager reported on the completion 
of a new motion picture entitled “Cast Metals and You,” which 
is receiving nationwide acceptance, three copies of the film being 
constantly booked for showings. The film then was shown to the 
Board of Directors. 

The success of this film evidences the need of the industry for 
such promotional films, the General Manager stated, and the 
Education Division plans to expand this type of visual aid for 
the AFS secondary vocational school program. The division is 
hopeful that their request for funds for another film, already in 
script form, may be approved for 1960-61 production. 

Training & Research Institute. The General Manager reported 
several Directors questioned whether the Board resolution on the 
proposed T&RI building, as stated in Minutes of the August 
1959 Board meeting, expressed accurately the Board action taken. 
The resolution as approved by the. Directors reads as follows: 


“THAT the Executive Committee be authorized to complete 
architectural plans and specifications for a Foundry Training 
building but that final action on construction be deferred 
until permanent AFS financing of T&RI operations have 
been resolved.” 


The General Manager stated that while the resolution does 
not specifically state that any future action on the building must 
be approved solely by the Board, the Staff considers the resolu- 
tion as written to be a clear directive that no further action, 
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romotion or expense on the proposed T&RI building is possible 
without specific approval by the Board of Directors. No other 
interpretation of the resolution, he said, seems practical. 

On motion duly made, seconded and carried the report of the 
General’ Manager was accepted. 


Report of the Secretary 


The Secretary reported on Membership and Chapters, stating 
that membership as of Dec. 31 totaled 12,893, a net gain of 444 
members, compared with a net loss of six members for the same 
period a year ago. This gain, he said, should be considered in 
terms of 1017 new members added, 391 net delinquents dropped 
(net total 708, less 317 reinstated), 164 resignations and 18 deaths. 

The Secretary stated that a considerable portion of the new 
member activity can be attributed to the membership campaign 
being conducted in all Regions as a direct responsibility of the 
Regional Vice-Presidents and Chapter Chairmen. Sustaining and 
Company members increased 11 between July 1 and December 
$1, a 73.3% recovery from a loss of 15 reported as of Dec. 31, 
1958. An increase of 206 Affiliate members represents 154.8%, 
recovery from a loss of 133 recorded a year ago. 

To meet the national Target for the fiscal year (13,500) means 
that 607 more members must be signed up by June 30. The 
Chapters reported confidence in their ability to reach their tar- 
gets for the year, some anticipating they would exceed them. 

Chapters. The Secretary reported formation of a Southern Tier 
section of the Central New York Chapter at Elmira, N.Y. in 
October. Their second meeting held Jan. 15 reported attendance 
of 84 members, with two other meetings scheduled for the bal- 
ance of the fiscal year. 

No new Student Chapter activity was reported, although in- 
terest is again being stimulated at General Motors Institute, 
Flint, Mich., where approximately 100 boys participate as Junior 
members. 

On motion duly made, seconded and carried the report of the 
Secretary was accepted. 


Report of the Technical Director 


The Technical Director’s report showed the 1960 Convention 
program to be well advanced, with 100 papers probable. Tenta- 
tive Program for the Convention was mailed to all members of 
the Society in January. He reported that W. J. Grede, Grede 
Foundries, Inc., Milwaukee, would present the Charles Edgar 
he Memorial Lecture on the subject “Where Do We Go From 

ere?” 

As in the past two years, all technical papers possible, he 
said, are being preprinted in issues of MODERN CAsTINGs, January- 
May inclusive. 

The 1959 TRANsAcTIONS bound volume was published in Janu- 
ary, with a total of 897 copies mailed on pre-publication orders, 
and 640 gratis copies sent to Honorary Life, Sustaining and 
Company members; total mailed 1537 copies, with 2500 copies 
held in stock for future sales. 

In the 6-month period July-December, sales of Special Publica- 
tions totaled $10,747, General Publications $10,462. Revision of 
the PATTERNMAKERS MANUAL is well in process, he said. Other 
publications scheduled for the year: “Molding Methods and 
Materials,” still in manuscript form; “Control of Radiation 
Hazards” (published April 1). 

The Technical Director reported all T&RI Research projects 
progressing in a satisfactory manner with progress reports to be 
presented at the 1960 Convention. He reported 14 courses con- 
ducted by the Institute during 1959, including four Regional 
courses in cooperation with Chapters at Birmingham, Los 
Angeles, Berkeley, Calif. and Hamilton, Ont. A total of 375 
students participated from 30 States, 4 provinces of Canada, 
Mexico, South America, India and Europe . . . 71% from found- 
ries, 29% from non-foundry organizations. 

During 1960 T&RI has scheduled 16 courses, with four or five 
courses probable in local Chapter areas. 

The Technical Director reported that, in accordance with a 
directive of the Board, the T&RI Building Committee and staff 
have worked with the architect and prepared all detailed draw- 
ings and specifications for the proposed building. Drawings are 
now complete and approved by the committee to the point of 
taking firm bids when the Board of Directors may approve con- 
struction. 

The Safety, Hygiene and Air Pollution program continues to 
cooperate with Chapters and local foundry groups, and the 
Director of the program frequently participates as an instructor 
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for T&RI courses. The Director has assisted several member 
foundries in air pollution and ventilation problems, and is 
serving also as Acting Assistant Technical Director with technical 
committees and editing of Special Publications such as the 
Radiation Hazards manual. 

On motion duly made, seconded and carried the report of the 
Technical Director was accepted. 


Report of the Treasurer 


The Treasurer’s report as of Dec. 31, 1959 pointed out Actual 
Income of $636,986 vs. forecasted Income $556,020; Actual Ex- 
pense $417,732, forecast $432,824; Excess Income $219,254 or 
$96,058 above forecast of $123,196. First-half Income was forecast 
at 52.6% of the year’s budget, Actual achieved 55%; Expense 
was forecast at 48.5% of the year, Actual 46.8%. 

All aspects of the Society’s finances were reported in order at 
the close of the first six months, net income running well above 
forecast and above the 4-year average. However, since second- 
half averages run consistently below forecast, the importance of 
expense control in the period January-June becomes extremely 
important. 

On motion duly made, seconded and carried the report of the 
Treasurer was accepted. 


Report of Board Committees 


Chapter Contacts Committee. Vice-President Dunbeck reported 
that all Chapter contacts were being made by Directors to 
schedule, but that the problem still exists of getting Chapters 
to set specific dates for official visitations. He recommended that 
this be made a strong point at the Chapter Officers Conference. 

Report of Annual Lecture Committee. The General Manager 
reported that the 1962 Charles Edgar Hoyt Memorial Lecturer 
would be Henton Morrogh of the British Cast Iron Research 
Association, Birmingham, England. 

Publications Committee. The Technical Director presented 
detailed recommendations of the Publications Committee for 
increasing prices of most AFS publications and revising the exist- 
ing Publications Policies. 

On motion made, seconded and carried, the Committee's rec- 
ommendations were approved. 

The Technical Director pointed out that the Board had voted 
in August 1959 to discontinue gratis distribution of the annual 
TRANSACTIONS to Company members, but approved continuing 
free distribution to Sustaining and Honorary Life members. In 
view of current efforts to increase the number of both Company 
and Sustaining members, it was suggested that both should be 
offered TRANSACTIONS gratis on request. On motion made, sec- 
onded and carried, the Board approved. 

Membership Analysis Committee. Chairman Slichter reported 
that no formal report could be given since the Committee would 
meet the following day, with a report to the Board at a later 
date. 

Exhibits Analysis Committee. Chairman Sanders requested the 
President to terminate the activities of his committee in view of 
the fact that the analysis work had been completed in regard to 
exhibits. Accepted by the President, with thanks to the com- 
mittee. 

President Nelson reported on several meetings with the 
Foundry Equipment Manufacturers Association, including their 
annual meeting last fall. Discussions held there resulted in the 
Board ballot of October 1959 and approval of an Exhibit fre- 
quency cycle outlined in the ballot, as follows: 


1960 — Castings Congress and unlimited Exhibit — Philadelphia. 
1961 — Castings Congress and limited Exhibit — San Francisco. 
1962 — Castings Congress, International Foundry Congress 
and unlimited Exhibit — Detroit. 
1963 — Castings Congress, no Exhibit — place to be selected. 
1964 — Castings Congress and unlimited Exhibit — place to be 
selected. 
1965 — Castings Congress and unlimited Exhibit — place to be 
selected. 
After 1965 — same cycle as for 1963-1964-1965. 


F.E.F. Trustees. Director Kammerer, reporting on the last 
meeting of F.E.F. held Oct. 23, 1959, stated that 605 men had 
registered with F.E.F. indicating interest in foundry employ- 
ment, and that in the class of 1960 there would be 160 graduates 
available for employment. It was further reported that foundry 
recruiting had picked up in recent months, with jobs available 
in approximately 125 foundries. Of the class of 1959, 106 gradu- 



















xxxvi 


ates were employed by companies that operate foundries or by 
firms that supply and equip the foundry industry; 28 graduates 
went on to graduate school and 32 to companies not connected 
with the production of castings but which in many cases using 
castings. 

Activity of F. E. F. at the technical institute level was reported 
as practically unchanged during the past two years. This level 
of training has been studied by the Trustees of F. E. F. with the 
possibility of actively developing into a supplement of the pres- 
ent program. It has been recommended that F. E. F. start a pro- 
gram in technical institutes accredited by E.C.P.D. or any 
recognized accrediting organization. It was further recommended 
by the Trustees that F. E. F. not enter a scholarship program for 
technical institutes. 

Report of 1959 International Delegates. Director Sanders and 
Technical Director Massari reported visits to several foundries 
enroute to the International Foundry Congress in Madrid. While 
in Madrid, AFS was represented by these two official delegates 
in meetings of the working group of foundry coke with the 
objective of establishing foundry coke specifications. It was 
agreed that AFS would remain as a corresponding member of 
this committee. At a meeting of the International Technical Dic- 
tionary it developed that the Dictionary is progressing well 
toward completion in 1960. It will contain approx. 2200 foundry 
terms with 8 language equivalents and will be available to 
member societies at 4000 French francs (approx. $10 U.S.) per 
copy. AFS is participating in the writing of this Dictionary and 
will continue to do so until completed. 

Technical Director Massari served as technical chairman for 
the exchange paper presented by H. H. Wilder on “Ferro-Alloys 
and Inoculants for the Production of High-Strength Gray Cast 
Iron.” The Technical Director represented the Society on the 
International Committee on Mechanical Testing of Cast Iron, the 
objective being to standardize the various tests used for evaluat- 
ing the mechanical properties of iron. AFS will continue to co- 
operate as a corresponding member. 

It was reported that both delegates attended the meeting of 
the International Committee of Foundry Technical Associations. 
At this meeting George Lambert, secretary of the Institute of 
British Foundrymen, tendered his resignation as Secretary of the 
International Committee. Dr. P. W. Miiller, secretary of the 
Association of Swiss Foundries, was elected to the secretarial post. 

International Foundry Congresses were approved to be held in 
the following cities in the respective years: 


BNE ini Ag ca Hag Sea Zurich, Switzerland. 
BE Gs 6s Vienna, Austria. 

Sg dds «dieteile Detroit, United States. 
eee Prague, Czechoslovakia. 


It was requested by the Yugoslavian and Polish delegates that 
consideration be given to scheduling meetings in Yugoslavia in 
1964 and in Poland in 1965, but no decision was reached. 


Recommendations of the Executive Committee 


President Nelson stated that no report would be presented 
since the Committee met the previous day, but directed that 
minutes be forwarded to all Directors prior to the next meeting 
of the Board. 


Report of the Nominating Committee 


For the information of the Directors, minutes of the Nominat- 
ing Committee meeting held December 7 were read, announcing 
selection of Officers and Directors to be elected at the 1960 Con- 
vention. 

Vice-President Dunbeck, as Chairman of the Board Nominat- 
ing Committee, stated that the committee recommended selection 
of a top management malleable iron man as Director-at-Large, 
pending acceptance. Nore: The candidate being unable to ac- 
cept, the committee then recommended for Board approval the 
following: 


Tuomas T. Lioyp, Vice-President, Albion 
Malleable Iron Co., Albion, Mich. 


By action of the Board of Directors, Mr. Lloyd was approved 
as AFS Director-at-Large for a 3-year term commencing at the 
close of the 1960 Castings Congress. 

Chairman Dunbeck stated that a Southern California Chapter 
member had found it necessary to withdraw as a Director nomi- 
nee in February, following nomination by the Nominating Com- 
mittee in December. Having requested other candidates from 









the Southern California Chapter, the Chairman presented h 
Committee’s recommendation that Arthur E. Falk, Gene: 
Manager of Centrifugal Castings Co., Long Beach, Calif., | 
named to replace Mr. Chappie. On motion made, seconded ai: 
unanimously carried, recommendation was approved. 

The Committee announced that Director L. H. Durdin h; 
been nominated for election as an AFS Training and Resear 
Institute Trustee, to serve a term of four years. Nomination 
approved on motion duly made, seconded and carried. 

The General Manager announced that, following approval «' 
the President and Vice-President, Director Amrhein had accepted 
appointment as an AFS Trustee to F.E.F. for a 2-year ter 
March 1960- March 1962, replacing Director Dunn whose term 
as Trustee expires March 1960. He stated that Director Kam- 
merer would continue as the second AFS Trustee to F.E.F. for 
another year. 


Report on Training & Research Institute 


The General Manager briefly reviewed Minutes of the Trus- 
tees meeting held December 9. He also reviewed a 3-year cumu- 
lative report on AFS-T&RI Income & Expense showing $15,993 
total cost of T&RI operations incurred by AFS to date, not in- 
cluding normal obligations of the Society, or an average of 
$5,331 per year since T&RI was organized. 

Resolution adopted by T&RI Trustees on December 9, em- 
bodying recommendations to the Board of Directors, was pre- 
sented as follows: 


RESOLUTION 


The Trustees of the AFS Training and Research Insti- 
tute hereby inform the AFS Board of Directors of their 
desire to develop fully and at the earliest possible date 
the complete T&RI Program originally authorized. The 
Trustees point out to the AFS Board the Trustees’ in- 
ability to discharge fully their accepted obligations un- 
der this program without more adequate physical 
facilities than presently available. The Trustees also 
suggest that continually rising costs may affect continua- 
tion of Institute courses on the present basis and in view 
of many related courses now being offered by other 
organizations. At the same time, the Trustees. are fully 
conscious of existing AFS finances and, until such time 
as the Institute may be self-supporting, do not desire 
that the proposed T&RI building be a financial drain on 
AFS to the detriment of other Society activities. The 
Trustees also realize that the Institute’s permanent tax 
status is not yet resolved. With these several considera- 
tions in mind, the Trustees again strongly recommend 
that the AFS Board of Directors provide, at the 
earliest possible moment, all means whereby the Trus- 
tees may undertake and develop the complete Institute 
program, including the proposed training building. 


The General Manager stated that a T&RI request for income 
tax exemption still was not resolved, action being withheld 
pending approval of new regulations within the Internal Reve- 
nue Service governing tax exempt organizations. The Washington 
attorneys handling the case for T&RI have reported that while 
encouraging attitudes exist, no definite date was anticipated for 
decision on the T&RI case. 

Several Directors requested opportunity to discuss the proposed 
construction of a Foundry Training Center Building, some indi- 
cating regional opposition to the plan and some indicating 
approval and the desire to proceed. Resolutions of two separate 
chapters were presented, one opposing construction and one 
favoring construction. All of the discussion indicated favorable 
reaction to the training courses sponsored by the Institute since 
July 1957, and still continuing. 

The President stated that minutes of the Board meeting held 
August 1959 clearly intended to defer any action on construction 
of the proposed building until approval to proceed is rendered 
by the Board. Meanwhile, he said, all plans and specifications 
have been completed as authorized and the architect paid for 
his work to date. He further stated that the Finance Commit- 
tee, at a meeting February 21, had decided to take a new and 
thorough look into the entire T&RI proposition, including the 
proposed building, and that the Committee would advise the 
Board of its findings at either the May or August Board Meet- 
ings. Without vote, the Board approved this procedure. 























Report on Discussions with the Society of 
Die Casting Engineers 


President Nelson reviewed briefly the history of discussions 
between AFS and the Society of Die Casting Engineers toward 
greater cooperation. He commented that there has been some 
growth of S.D.C.E. but no action on proposals made several 
years previously by AFS toward possible merger of the two 

oups. 

i we President reported that an informal approach had been 
made by S.D.C.E., through an AFS Director serving also as a 
§.D.C.E. Director, that the two organizations cooperate in develop- 
ing exhibits of Die Casting Machine Manufacturers at the 1960 
AFS Show in Philadelphia, with the suggestion that S.D.C.E. 
might share in space rental income from such exhibits. The posi- 
tion of AFS was explained, he said, that such a split-income 
arrangement with one group might not be avoided with other 
exhibitor groups. 

Subsequently, the President said, $.D.C.E. announced its own 
“International Die Casting Exhibit” and Technical Program, 
November 8-11, 1960 in Detroit, and overtures had been made 
for AFS to co-sponsor the Technical Program. It was felt neces- 
sary to decline official co-sponsorship, the President said, since 
it was felt that such cooperation might adversely effect the 
Society’s Own program being organized by the Die Casting and 
Permanent Mold Division in Philadelphia. He expressed, how- 
ever, the hope that the two organizations would continue to 
recognize the importance of die casting in their program and 
committee activities. 


Selection of Auditor 
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auditors of the Society's financial books for the fiscal year end- 
ing June 30, 1960. 


Selection of Future Convention Cities 


The General Manager discussed the problem of selecting 
future Convention and Exhibit cities and the need for im- 
mediate action to establish definite dates for the next five years, 
so as to obtain adequate halls and hotel accommodations. He 
requested that the General Manager be empowered by the Board 
to negotiate arrangements for the approved Convention and 
Exhibit schedule through 1965. On motion made, seconded and 
carried, the General Manager was directed to complete all neces- 
sary arrangements for Convention and Exhibit facilities for the 
years 1963-1965 inclusive. It was pointed out that 1961 in San 
Francisco, and 1962 in Detroit, are now firm dates. 

Discussion ensued on continuation of the AFS Engineered 
Castings Show. On recommendation of the General Manager, 
and by unanimous action of the Board of Directors, it was 
agreed that Engineered Castings Shows be abandoned until 
further notice. 


Announcement of Next Board Meeting 


President Nelson announced that the next Board meeting 
would be held Tuesday, May 10, at the Sheraton Hotel in Phila- 
delphia during the 64th Castings Congress & Exposition. 

There being no further business, the meeting was declared 
adjourned. 

Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary, AFS 





APPROVED: 
On motion duly made, seconded and carried the Board of C. E. N=ison, President 
Directors appointed George W. Rountree Co., Chicago, as April 26, 1960 
Minutes 


Final Meeting of AFS Board of Directors 1959-60 
Sheraton Hotel, Philadelphia — May 10, 1960 


Rott CALL: President C. E. Nelson, presiding 
Vice-President N. J. Dunbeck 
Incoming Vice-President A. L. Hunt 

Directors (Exp. 1960) 
W. D. Dunn 
L. H. Durdin 
A. A. Hochrein 
K. L. Landgrebe, Jr. 
F. J. Pfarr 
J. R. Russo 
A. M. Slichter 
H. G. Stenberg 
Directors (Exp. 1961) 
D. W. Boyd 
R. R. Deas, Jr. 
Jake Dee 
W. L. Kammerer 
D. E. Matthieu 
H. M. Patton 
C. A. Sanders 


A quorum having been established, President Nelson intro- 
duced the T&RI Trustees who had joined the Board for lunch- 
eon. He commended the Trustees on results of the Institute pro- 
gram to date and for the proposed expansion of the course pro- 
gram. He also welcomed the newly elected Directors of the 
Society and invited all to participate in the Board discussions. 


Reading and Approval of Minutes 


Minutes of the Board of Directors Meeting held Feb. 22-23, 
1960, were read and approved on motion duly made, seconded 
and carried. 


Report of the General Manager 


The General Manager presented a short report on the 1960 
Convention and Exhibit. Of 102,000 sq ft of space available to 


Directors (Exp. 1962) 
N. N. Amrhein 
D. L. Colwell 
E. C. Jeter 
R. E. Mittlestead 
A. J. Moore 
J. N. Wessel 
Directors-Elect (Exp. 1963) 
W. C. Jeffery 
T. T. Lloyd 
J. T. Moore 
W. E. Sicha 
D. E. Webster 
STAFF OrFicers: Wm. W. Maloney, General Manager 
S. C. Massari, Technical Director 
A. B. Sinnett, Secretary 
E. R. May, Treasurer 
Absent: Director Wm. H. Oliver (Exp. 1962); Directors-elect 
R. R. Ashley (Exp. 1963), A. E. Falk (Exp. 1963) 


exhibitors, he said, approximately 84,000 sq ft had been rented, 
compared with approx. 90,000 sq ft at Cleveland in 1958. The 
exhibits, he said, have been received exceptionally well with a 
great deal of interest shown by all attending? Exhibitors report 
satisfaction with the caliber of attendance and their ability to 
discuss thoroughly the new equipment, processes and techniques 
with men having definite purchase influence or decision. 

The General Manager predicted that attendance would prob- 
ably total approx. 13,000 (actual final figure 12,600). Figures on 
space rentals and attendance, he added, were close to those of 
the last AFS Exhibit in Philadelphia, in 1948. 


Report of the Secretary 


The Secretary reported a net membership gain of 475 for 10 
months. Total membership April 30 was 12,924, a total of 1643 
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new members having been added and 1168 members dropped 
for nonpayment of dues, resignation and death. He expressed 
doubt that the 13,500 target would be reached, although the 
Chapters are confident of surpassing a 13,000 mark. 

The Company and Sustaining membership “campaign” was 
successful in several Chapters, he said, with outstanding results 
obtained by Wisconsin chapter. Results were not as anticipated, 
in part from lack of participation by some Chapters in the 
campaign, a slow-up in the predicted progress of the industry, 
and lack of promotional literature and a public relations pro- 
gram geared specifically for top management. It was the con- 
sensus of the Membership Committee, he said, that in order to 
build membership an extensive program should be instituted to 
inform top management of the Society’s functions, services and 
activities. Until this level of management is convinced of the 
value of AFS, the true potential of subordinate management 
and technical operating personnel cannot be realized. 


Report of the Technical Director 


The Technical Director discussed the 1960 technical Conven- 
tion, reporting the greatest number of papers ever submitted at 
an AFS Castings Congress. The Steel Division again surpassed 
itself, showing the largest growth of any division, both in the 
number of papers presented and in sessions conducted. 

The new policy instituted two years ago of including TRANs- 
ACTIONS in MoperNn Castincs has resulted in a considerable 
amount of written discussion being submitted prior to the Con- 
vention he stated. It is predicted that such participation by the 
membership will grow each year as they avail themselves of 
Convention papers preprinted in MODERN CASTINGS. 

Attendance at sessions and luncheon meetings was reported ex- 
cellent for the opening day of the Convention. The Technical 
Director expressed confidence that the 1960 program would be 
one of the finest technical programs the Society has ever pre- 
sented, with gratifying attendance at all sessions throughout the 
week, 


Report of the Treasurer 


The Treasurer's report for the nine months July 1, 1959- 
March 31; 1960 was supported by both itemized and operational 
statements of Income & Expense, balance sheet, and operational 
statement for MODERN CASsTINGs. 

The report showed 9-month Actual Income $858,940 com- 
pared with Forecast $887,750; Actual Expense $613,285 vs. Fore- 
cast $631,207; and Excess Income $245,655 vs. Forecast $256,543. 
It was pointed out that Excess Income of $164,800 was budgeted 
for the fiscal year, and that anticipated Excess Expense of the 
last quarter would reduce the 9-month Excess Income consider- 
ably . . . probably somewhat below the budget because of 
Exhibit Space Rentals below the total forecast. 

At the same time, the Treasurer noted that MODERN CASTINGS 
income from Display Advertising was 8.3% above the 9-month 
forecast, and that the magazine showed Net Income on March 31 
nearly 83% above forecast. 

The Treasurer reported complete liquidation of bank loans 
totaling $200,000 at the beginning of the fiscal year, with a 
Cash balance of $93,654 on March 31. All in all, he said, the 
financial condition of the Society indicated good recovery from 
the situation on July 1, 1959, with AFS living within budgeted 
Expense and Income running close to budgeted figures. 


Report of the Executive Committee 


Minutes of the Executive Committee meeting held Feb. 21, 
1960 were reviewed and approved on motion made, seconded 
and carried. These minutes concerned recommendations from 
the several Regional Administration Meetings held during the 
year. 

A request from Region 2 was discussed, concerning dollar ex- 
change rates between the U.S.A. and Canada on dues payments 
by Canadian members in Canadian funds, and dues refunds 
made to Canadian Chapters in U.S. funds. The Canadian Chap- 
ters had suggested that AFS dues refunds should be made in 
Canadian funds so that they would not be charged the discount 
rate involved. 

The General Manager pointed out that when the Canadian 
dollar had been discounted below the U.S. dollar, AFS set up 
a bank account in Canada for the convenience of Canadian 
members in paying their dues direct to their own chapters in 
Canadian funds, that some $30,000 had been accumulated in 
the Canadian account and later invested in ‘Canadian Govern- 





ment bonds. He expressed doubt that the amount of exchan; 
involved was sufficient to warrant the suggested change. T! 
President requested the General Manager to analyze the situ 
tion and correspond with the several Canadian Chapters in 
effort to resolve the suggestion. 

Several regions were reported objecting to action of the Boa: 
of Directors under which only one delegate per chapter wou: 
be invited to attend, at full AFS expense, the 1960 Chap: 
Officers Conference. It was agreed that one additional delega: 
officer per chapter would be invited to the Conference, wi 
transportation paid by the Chapter or his company, AFS a. 
suming all expense of such delegate (hotel and meals) while 
the Conference. It was also agreed that chapters might sen: 
additional delegates but at no expense to AFS for either tran. 
portation or hotel during the Conference, the Society, ho 
ever, assuming the expense of all Conference meals. 

One or two regions were reported objecting to dropping th. 
1960 Foundry Instructors Seminar, asking that the seminar }:< 
reinstated in 1961 if at all possible. The President stated that 
elimination of the 1960 Seminar had been undertaken strict!; 
for financial reasons, and that recommendations of the regions 
to reinstate the 1961 Seminar would receive full consideration 
by the Finance Committee and Board in establishing financial 
budgets for 1960-61. 


Report of the Finance Committee 


President Nelson reported no specific recommendations re- 
sulting from the Finance Committee meeting held March 15. 
However, he said, the Committee is currently making a com- 
plete analysis of the Training and Research Institute program 
and its problems, with recommendations forthcoming later. He 
further stated that the primary reason for no action on the 
proposed Training Center building concerns the lack of de- 
cision by tax authorities in Washington, and that no action 
should be taken by the Board until the tax exempt status of 
T&RI has been resolved. 


Report of Chapter Contacts Committee 


Vice-President Dunbeck thanked the Directors for their activity 
in Chapter contacts during the year, practically all Chapters 
having been personally contacted by the Directors and Regional 
Vice-Presidents. He recommended that the Directors in 1960-61 
emphasize the importance of such contacts as “official business” 
in attempting to develop invitations well in advance. 

Several Directors expressed the opinion that in some chapters, 
particularly the smaller chapters, several vendor-speakers have 
presented talks of a decided sales promotional nature, contrary 
to Society policy. At the same time, it was pointed out that in 
many cases such “sales talks” may have been given because the 
speakers were not informed as to the Society’s policies. 

Following discussion, the Board expressed strong consensus 
that a definite policy should be developed and publicized in the 
matter of speaker presentations at chapter and regional meet- 
ings, as well as at AFS Conventions. It was suggested that a 
policy be prepared and presented at an early Chapter Officers 
Conference in order to obtain chapter comments prior to ap- 
proval by the Board. A further suggestion was that any final 
policy on this matter be developed by a Policy Committee com- 
prising a number of Chapter Chairmen as well as Directors and 
Staff officers, prior to making recommendations to the AFS Board. 


Report of Membership Analysis Committee 


Chairman Slichter reported on the membership campaign 
carried on through the Regional Vice-Presidents in conjunction 
with Chapter Chairmen and Membership Committees. At all 
meetings held, he said, it was recommended that each local 
committee include members of top foundry management for 
the purpose of contacting other top management direct. 

The committee requested that the campaign be supported with 
more direct mail promotion to top management, coupled with 
a public relations program geared to top management empha- 
sizing the value of the Society to specific companies through 
participation of its employees. 


Report of F.E.F. Trustees 


Director Kammerer reported on the F.E.F. Annual Conference 
held in Cleveland, March 15-17. The meeting, he reported, 
deviated from the usual program in that several highly techni- 
cal papers were presented by professors of colleges participating 
in the F.E.F. program. The business meeting of Trustees, he 
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said, provided little discussion as to extending F.E.F. activities 
into technical institute programs, mainly due to lack of funds 
and a feeling that the Foundation should continue to concentrate 
on college level programs. 

Membership and- financial drives, it was stated, are being con- 
ducted in several large cities across the country to raise addi- 
tional support for the program. The next College Conference 
meeting will be held in October at Ohio State University, Colum- 
bus, Ohio. 


Report on T&RI Trustees Meeting 


President Nelson commented that time did not permit prepa- 
ration of minutes of the T&RI Trustees meeting held the 
morning of May 10. He stated that minutes would be distributed 
to the Board at an early date. 


Election of New Director 


President Nelson called attention to the fact that Director 
L. J. Pedicini, elected in 1959 for a 3-year term, had found it 
necessary to resign because of an extended overseas assignment 
by his company, Lester B. Knight Associates. The President 
stated that the Detroit Chapter, from which Director Pedicini 
had been elected, had been asked to submit names of replace- 
ment candidates. As a result of the Board Nominating Commit- 
tee’s recommendation he said, approved by letter ballot of the 
Board, the following member of the Detroit Chapter had been 
elected a National Director to fill the unexpired term of office 
to May 1962: 


E. CLAUDE JETER, Manufacturing Manager of Foundries, 
Ford Motor Co., Dearborn, Mich. 


Recommendations of Retiring President 


Before stepping down as presiding officer, President Nelson 
expressed his sincere appreciation for the cooperation given him 
by the Board of Directors during his term of office. For the in- 
coming Board of 1960-61, he offered the following recommenda- 
tions for their consideration: 


(1) Set up, as soon as feasible, a Planning Committee to 


make a two or three year study of the proper objectives of AFS, 
and general methods of their attainment. Committee personnel 


XIX 


(2) Continue T&RI Courses and study the timing and fea- 
sibility of providing better building facilities. 

(3) Better communications needed between the National or- 
ganization and the membership. Specifically recommend a feature 
item in MopERN CasTINGs, perhaps bi-monthly, giving status of 
major national activities such as Conventions, Finance, T&RI, 
Publications, Research Programs, Membership, etc. Suggest 
these be short and over the signature of the President. 

(4) Give strong consideration to reorganizing all Technical 
Divisions of AFS on a functional rather than a metal-oriented 
basis. AFS is now a mixture . . . e.g., Sand, Die & Permanent 
Mold Casting, Education (all functional) vs. Gray Iron, Mal- 
leable, Steel, Light Metals, Brass & Bronze (all metal-oriented). 
This will permit cross-fertilization of ideas on methods and 
processes for all metals and will give AFS a distinct characteris- 
tic and appeal that the trade societies cannot copy. 

(5) Continue policy of top level meetings with Exhibit group 
organizations (not committees). 

(6) In Chapter and Membership activities, concentrate on 
getting the attention of top management. 

(7) We must plan to get out agenda for Board and other 
meetings farther in advance; also minutes of meetings promptly 
— held. This is strictly a responsibilty of the Central Office 
taff. 

(8) Continue building a strong Die Casting & Permanent 
Mold Division. 

(9) Mopern Castincs has all the potential for being by far 
the most popular magazine. Let’s make it that way. 

(10) We must do more research, and more of it must be in 
basic investigations to understand well-known practices and 
processes in the foundry. Once principles are understood, simple, 
dependable and regulated processes can be developed so as to 
take the “art” and guess-work out of foundry practice. Specifi- 
cally recommend that the President appoint a Board Research 
Advisory Committee, as previously approved by the Executive 
Committee. 


There being no further business to be considered, President 
Nelson declared the 1959-60 Board adjourned and turned the 
chair over to incoming President Norman J. Dunbeck. 


Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 





should be experienced, thinking people of action. The intent APPROVED: 
should be to put AFS in the lead for future changes in the Cuares E. Newson, President 
foundry industry. June 23, 1960 

Minutes 


Meetings of AFS Technical Council 
LaSalle Hotel, Chicago — June 7, 1960 


(1) Rott Catt: Chairman H. J. Rowe, presiding 
Vice-Chairman N. J. Dunbeck, AFS President 


W. K. Bock D. Matter 

R. A. Colton J. G. Mezofé 

R. P. Dunn R. L. Olson 

L. H. Durdin E. C. Reid 

R. B. Fischer V. M. Rowell 

F. W. Jacobs T. Seaton 

Lyle Jenkins N. Sheptak 

A. J. Kiesler J. Toth 

J. M. Kreiner H. H. Wilder, repr. R. A. Clark 

S. Lipson R. L. McIlvaine 
STAFF: 


W. W. Maloney, General Manager 

S. C. Massari, Technical Director 

Ralph Betterley, Educational Director 

H. E. Green, Managing Director, MODERN CAsTINGs 

J. H. Schaum, Editor, MopERN CasTiINGs 

H. J. Weber, Director, Safety, Hygiene & Air Pollution 
Absent: 

F. C. Bennett, R. A. Clark, R. F. Dalton, H. G. Haines, 
Harvey Henderson, J. P. Holt, C. F. Joseph, W. A. Koppi, 
J. L: Leach, D. N. Rosenblatt, J. Thompson, K. M. Smith, 
J. F. Wallace. 


Reports of Chairmen and 
Requests for Research Funds 


Committee and divisional activities of the past year and pro- 
grams for 1960-61 were presented by the chairmen in order to 
keep each other informed and to correlate all AFS technical 
activities without duplication or overlapping of effort. The 
Technical Director also described the method by which Divisions 
may request research funds, as well as the Society’s policy with 
regard to research. He pointed out that all research now is 
sponsored by the AFS Training & Research Institute, and that 
all research funds are provided by AFS follewing approval by 
the Society’s Board of Directors. 

Major points in the reports of chairmen, and requests for 
research funds, were presented as shown herewith. 


AFS Sponsored Research 


The Technical Director described the method by which Di- 
visions may request funds, as well as the Society’s policy with 
regard to research. Divisional requests for research funds totaling 
$70,250 then were presented. 

Brass & Bronze Division. Requested $7500 to continue the 
study of feeding distance, riser size and temperature gradients 
so as to extend this study to representative types of castings. This 
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research at the University of Michigan has shown to date that 
a single variable, the thermal gradient during solidification, is 
the principal factor governing shrinkage. The committee feels it 
should be possible to produce pressure-tight, high-density regions 
in any reasonable casting design with mechanical properties 
equal or superior to the cast tensile-test bar. 

The committee expressed readiness to expand its research work 
to actual castings of 85-5-5-5 to prove the validity of the work, 
and also to evaluate other brass and bronze alloys with the casta- 
bility test that has been developed for the 85-5-5-5 alloy. A prog- 
ress report on “Solidification Conditions for Maximum Density 
and Mechanical Properties in 85-5-5-5 Castings” was presented 
at the 1969 Castings Congress by R. A. Flinn. 

Education Division. Again requested funds totaling $5000 
to produce in 1960-61 a new film “The World of Cast Metals,” 
following the success of the division’s previous film “Cast Metals 
and You.” The latter film, it was reported, became available 
in October 1959 and has been shown to over 60 different groups 
since then . . . schools, parent groups, instructor groups, Chap- 
ters, and plant personnel. Because of broad demand, an addi- 
tional copy of the film was made to meet commitments. 

During the year the Education Division was completely re- 
organized, due to the resignation of the Chairman and inability 
of the Vice-Chairman to serve. Jess Toth, H. W. Dietert Co., 
became Chairman and B. L. Bevis, Caterpillar Tractor Co., Vice- 
Chairman and Program Chairman. The Division’s program of 
activities was also reorganized to concentrate on the following 
three areas of activity: 


A—Public Relations Area — 
Film Development Committee. 


B—Technical Education Area — 
Program & Papers Committee. 
T&RI Course Advisory Committee. 
Apprentice Contest. 


C—Student Activities Area— 
Foundry Instructors Seminar Committee. 
Aids for Local Chapters Committee. 
Students for Convention Committee. 


The division’s Publications Committee under W. P. Winter, 
Pennsylvania State University, as chairman, has prepared a new 
booklet “Your Future in the Foundry” for widespread distribu- 
tion to vocational school students, Career “Carnivals” and par- 
ent-teacher organizations. The booklet will supplement the more 
elaborate booklet ““The Foundry is a GOOD Place To Work.” 

A “Students to Convention” Committee was organized with 
E. G. Gentry, Penola Oil Co., as chairman, to induce engineering 
students to attend the annual AFS Castings Congress and Ex- 
position. A total of 36 students attended the 1960 Congress in 
Philadelphia and the committee now is planning toward a much 
larger student attendance at the International Foundry Con- 
gress at Detroit in 1962. 

Industrial Engineering and Cost Committee. The commit- 
tee’s objective is to develop new or modified industrial engineer- 
ing techniques and cost control procedures, thus promoting lower 
costs through an organized approach in recognizing and mini- 
mizing cost-generating factors. The committee now is planning to 
have its “Casting Estimate and Pricing Survey” lead into a 
seminar at the 1961 Castings Congress. 

Light Metals Division. Requested appropriation of $5500 
for a thorough review of the AFS research over the past twelve 
years on the gating and feeding of light alloy castings. All in- 
formation at hand is to be abstracted and presented in an 
orderly and easily understandable form, probably as an ani- 
mated film to portray gating behavior and promote broader ac- 
ceptance by foundrymen of the research findings to date. 

Malleable Division. Asked for $8500 to continue the investi- 
gation designed to find ways and means for producing heavy- 
section malleable castings devoid of primary graphite but also 
susceptible of a subsequent commercially feasible heat treatment. 
Although considerable work has already been done to study the 
effect of a number of elements, the committee now proposes to 
extend this work to a variation in compositional ranges of sul- 
phur, phosphorus and manganese which may raise the carbon 
and silicon range and yet obtain compact graphite. 

The Malleable Research Committee thus far has completed 
work on two projects: (1) “Effects of Additions to the Melt on 
Mottling Tendency in Heavy White-Iron Sections”; and (2) 
“Effects of Additions to the Melt on Annealability of White Iron 
Castings.” 

During 1959-60 the division reorganized extensively. Sub-Com- 
mittees on Machining and on Ductility, of the Pearlitic Malle- 


able Committee, were dissolved. The Controlled Annealing a: 4 
Pearlitic committees were combined into a new Heat Treatm: ;; 
Committee. Three new committees were formed: Casting Desi« ,, 
Finishing and Inspection, and Molding Materials and Metho \s 
The Casting Design Committee has been authorized to prep: -¢ 
the Malleable section of a new “Casting Design Handbook.” 

Sand Division. Advised that five committees of the division 
had requested a total of $7050 in funds for various resea:.h 
projects, as follows: 

Safety, Hygiene & Air Pollution Control Program. The gene: .! 
goal of this program and its committees is to make possible con- 
tinued progress of the foundry industry as “a good place « 
work.” Over the past five years the program has developed iid 
AFS has published six fundamental engineering manuals: 

(1) Engineering Manual for Control of In-Plant Environment 
in Foundries. 

(2) Manual for Control of Air Pollution by Foundries. 

(3) Recommended Safe Practices for the Protection of Workers 
in Foundries. 

(4) Manual of Safe Practices for Welding, Cutting, Brazing, 
Soldering and Similar Operations in Foundries. 

(5) Manual for Foundry Noise Control. 

(6) Manual for Radiation Protection in Foundries. 

In view of increasing interest in the subject of water pollution 
control by communities, an SH&AP Water Pollution Committee 
now is in process of being formed. Increased application of wet- 
type air pollution control equipment has indicated the need for 
| better understanding of associated water-pollution control prob- 
ems. 

Mold Surface Committee. Requested $1600 for patterns, sand 
and surface measurement equipment rental. 

Physical Properties of Iron Foundry Molding Materials at 
Elevated Temperatures Committee. Requested a sum of $500 to 
purchase various supplies needed for a study of veining in iron 
castings. 

Shell Mold & Core Committee. Requested $3950 to support a 
study of the thermal and mechanical stresses causing cracking of 
shell molds and cores, to be conducted at Cowles Technology 
Laboratories, Inc. 

Materials Used in Malleable Foundries Committee. Request 
$500 for miscellaneous supplies such as metal, sand and sand 
additives. 

Controlled Casting Quality Committee. Request $500 for 
taking of photographs needed in the preparation of a new book 
on “Control of Casting Quality.” 

Steel Division. Again requested $8500 to continue its project 
on the ceroxide defect encountered in steel castings, being con- 
ducted at the University of Michigan. 

_ During the past year a division subcommittee has been organ- 
ized to develop a “Handbook on Steel Castings Design.” 

_ Die Casting & Permanent Mold Division. Requested $5000 
in initiate a jointly-sponsored research with the American Die 
Casting Institute and the American Zinc Institute, for a funda- 
mental study of the flow of metal in dies and the improvement 
in gating systems peculiar to this method of manufacture. 

The Mold Process Committee now has been split into two 
separate groups, a Die Casting Process Committee and a Perma- 
nent Mold Process Committee. One function of the latter is to 
bring the Permanent Mold Bibliography publication up to date. 
Both groups will cooperate with the various casting design com- 
mittees to work on a new Handbook. 

Ductile Iron Division. Desires to sponsor a research project 
on the effect of cooling rate and original silicon in the metal 
vs. late additions of silicon on the carbon flotation phenomena 
in ductile iron, in the amount of $10,000. 

Heat Transfer Committee. Requested $7500 to sponsor an in- 
vestigation on heat losses in various sizes and shapes of gating 
systems utilizing the analogue computer, at Franklin Institute, 
Philadelphia. 

The committee reported that it has three projects under con- 
sideration, the first being development of a Bibliography on 
Heat Transfer in Cast Metals. All library work was completed 
during the past year and one section of the Bibliography now 
will be written up in a form to be followed with all other 
sections. 

A second project under consideration is a moving picture on 
heat transfer . . . an expensive undertaking since animation 


oS 


would be necessary. The cost of such a film has been estimated at 
between $1000 and $1500 per min of screen time. Two counter 
suggestions involving substantially lower cost have been made: 
(a) a 5-min movie, with additions to be made later as ad- 
visable; (b) a film strip with an accompanying synchronized 
record. 
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The third and perhaps main project of the committee con- 
cerns the question of heat loss or temperature drop in metal 
flowin in a gate. This is the first kinetic study undertaken by 
the committee and will eventually lead to study of heat losses 
as the mold fills. During the past year the necessary apparatus 
and instrumentation were designed by Robert Spear, Aluminua 
Co. of America, and some 65 runs were made on channels of 
yarious sizes using thermocouple measurements to determine the 
heat crop. 

A recap of research funds requested by AFS divisions and 
committees for the fiscal year 1960-61 is as follows: 


Research Funds Requested 1960-61 





OR RRR se pS ster aeeeneres: $ 7,500 
Die Casting & Permanent Mold Division .............. 5,000 
SRIIG MOMME MPWMINOER o5 8.0 0 00h onsen ce avn sees eesis SR Oeen 10,000 
Miacation DIVISION ...... ccc cece ccs tec rcseosesens 5,000 
Rey (900) MPAVIMIOT «2 nok. esc ec cnenccce eter enseees . 10,700 
Ss Ti CONROE oS oa oni nnd cer ene dada sodwn 7,500 
Light Metals Division ...............0..eeeeeseeeees . 5,500 
Te SR errr yr re 8,500 
Sand Division: 
Mold Surface Committee ................. $1,600 
Physical Properties Committee ............ 500 
Shell Mold & Core Committee ............ 3,950 
Materials in Malleable Foundries 
Ee OS err 500 
Controlled Casting Quality Committee ... 500 7,050 
Se I Sah cares wb Te dd ware bh eee ee en ee eee 8,500 
Total Funds Requested ..:......cs0.e0res $75,250 





The Technical Director explained that all requests for re- 
search funds are first considered by the Finance Committee in 
preparing budgetary recommendations to the AFS Board of 
Directors. 


1961 Convention Program 


A tentative program prepared by the AFS staff was presented 
and discussed. Desired revisions by the Council were made and 
a revised program prepared. 


AFS Training and Research Institute 


The Technical Director and Educational Director reported on 
progress of the T&RI courses and their enthusiastic acceptance 
by industry. Copies of the full report were distributed at the 
Council meeting. 


Prograrn and Papers Committee Procedures 


The Technical Director explained the procedure for obtaining 
and submitting Convention papers and pointed out the reason 
for established deadlines as shown on the “Offer of Technical 
Paper” form. Some members of the Council felt that an Oct. 
15 deadline would tend to discourage submission of papers. It 
was explained that the deadline was necessary in order to have 
enough papers to commence preprinting in the January issue 
of Mopern Castincs. It was pointed out that authors submitting 
papers later than Oct. 15 could not be guaranteed publication 
prior to the Convention. 

It was suggested that suitable forms be placed in the program 
Chairman’s envelope for use in Annual Meeting technical ses- 
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sions for the purpose of recording the name, company affiliation 
and oral discussion presented. Such forms would bear appropri- 
ate instructions to the discusser, asking him to supply on written 
form to AFS Headquarters the discussion contributed, in a 
manner suitable for inclusion in the Transactions. Meeting 
secretaries would see that discussers receive forms at the time 
of the meeting. Forms should be in duplicate, one copy being 
sent by AFS to the author for rebuttal purposes. 


Officially Sponsored Exchange Papers 


The Technical Director explained the procedures of pre- 
senting papers before International Foundry Congresses held in 
Europe, under sponsorship of the International Committee of 
Foundry Technical Associations. Each member of the Interna- 
tional Committee is entitled to submit only one official ex- 
change paper, and all papers submitted for an International 
Congress must be submitted through a member association . . . 
in the case of U.S.A., through the American Foundrymen’s 
Society. 

Official AFS exchange papers and authors are determined by 
the President, following recommendations from the AFS Di- 
visions. Acceptance of any other papers is at the discretion of 
the member association acting as the “host” for the International 


Congress. 
Remarks of the AFS President 


President Dunbeck reminded the Technical Council that the 
Society may not at all times be able to provide all research 
funds requested, but expressed the hope that this would not 
deter the technical divisions from constantly seeking new proj- 
ects for AFS sponsorship. He pointed out that the 1959-60 re- 
search budget had not been cut, even though many other budg- 
et cuts had to be made, 

While AFS is and will remain essentially a technical society, 
the President said, it is necessary that it have the full support 
of management so that suitable funds will be available for re- 
search. He stressed the importance and value of the donated 
efforts of men serving on the technical committees, and urged 
the divisions to take the lead in developing papers by West 
Coast authors for the 1961 Castings Congress & Exposition to 
be held in San Francisco. 

Finally, the President reported that retiring President C. E. 
Nelson had recommended that the AFS divisions be classified 
as to functional interests rather than specific metals . . . for 


" example, a “melting division” or a “design division” regardless 


of the cast metals involved. He suggested that the proposal be 
given serious consideration by the Technical Council. 


New Business 


Because of the steady increase in mechanization and automa- 
tion the subject of preventive maintenance has become more 
and more important. It was suggested that the Plant and Plant 
Equipment Committee consider greater activity in this area. 

There being no further business, the meeting was declared 
adjourned. 


Respectfully submitted, 
HERBERT J. WEBER 
Acting Asst. Technical Director 





Minutes 
Meeting of AFS Membership Analysis Committee 
The Cloister, Sea Island, Ga. —Feb. 23, 1960 : 


Rott Catt: Chairman A. M. Slichter, presiding 
C. E. Nelson, AFS President 
N. J. Dunbeck, AFS Vice-President 
A. L. Hunt, AFS Vice-President Elect 
AFS Directors 


N.N. Amrhein 
D. L. Colwell 
R. R. Deas, Jr. 
W. D. Dunn 


A. A. Hochrein 
W.L. Kammerer 
D. E. Mattieu 
H. M. Patton 
F. J. Pfarr 


C. A. Sanders 
J. N. Wessel 


AFS General Manager Wm. W. Maloney 
AFS Secretary A. B. Sinnett 
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Chairman Slichter called the meeting to order and asked that 
each of the Regional Vice-Presidents report briefly on the status 
of the membership campaign in their respective Regions. It 
was pointed out that the Regional Vice-Presidents had been 
charged with this program, initiated at the Regional Adminis- 
tration Meetings. 


Report from Region | 


Little activity was reported in Region 1 on the Company and 
Sustaining membership campaign. However, the Chapters realize 
there is an excellent potential existing for membership activity 
requiring more follow-through. The Metropolitan Chapter in 
particular reported outstanding work, being fortunate in having 
many larger corporations with home offices in New York. This 
reflects on the number of Company and Sustaining memberships 
held by the Metropolitan Chapter and the potential for addi- 
tional Company and Sustaining members. 


Report from Region 2 


All prospect cards circulations by the Central Office have been 
dispersed to the Chapters, but with little response. It is notice- 
able in this area that top management of the companies need 
to be better informed about AFS and its activities before manage- 
ment and the technical personnel will participate. It was sug- 
gested that AFS investigate the possibility of membership pro- 
motion to top management through the avenue of technical de- 
velopment provided for the industry. This in turn, it was felt, 
would influence top management in their thinking toward AFS 
and assist in raising the level of membership participation. 


Report from Region 3 


No particular results were reported from the Company and 
Sustaining campaign. However, all prospect cards were passed 
out and each Chapter held a board meeting with particular 
reference to the campaign. Some of the Chapters reported an 
existing potential in their area, others did not. 


Report from Region 4 


The same procedure was carried out in Region 4 as in Region 
3 concerning prospect cards and the Chapter board meetings. In 
addition, it was reported imperative that top management be 
contacted directly and on a personal basis with efforts geared for 
the Sustaining class and other classes of membership accepted 
only where Sustaining memberships are not saleable. It was 
felt among the Chapters that Region 4 has a strong potential 
for membership increase. 


Report from Region 5 


Region 5 reported several Chapters doing an excellent mem- 
bership job, with Chapters requiring considerable attention. 


Specific trips should be scheduled for the Quad City and C) 
cago Chapters, it was felt. In some instances solicitation shou! 
go direct to top management. It was the consensus that wh 


support does not come from a Chapter to increase membersh:)) 


at the Company and Sustaining level, it should be the respon 
bility of the Central Office to contact companies direct. Practica! 
all the Chapters in Region 5 have an excellent potential and ai 
working on the program, but are definitely in need of help. | 


was again commented that top management must be contactc:/ 


directly on a personal basis for the program to be successful! 


Report from Region 6 


The potential in the Region 6 area is quite limited, pa: 
ticularly in the Mo-Kan and Corn Belt Chapter areas, with 
definite help needed in the Mid-South Chapter. The Chapters 
are active to some degree in the membership campaign, which 
we followed up by three separate personal letters as well as 
personal calls by the Regional Vice-President. 


Report from Region 7 


A definite potential exists for Company memberships in the 
West Coast area. However, the Sustaining membership potential 
is limited in that shops are small and little potential exists for 
a large number of Affiliate members from single companics. 
The program has been followed through personally by the 
Regional Vice-President by letter and by personal contact, with 
hopeful response from several companies that should result in 
membership developing in the near future. 


Broadening the Committee 


Discussion on personnel of the Membership Analysis Commit- 
tee resulted in a suggestion that the committee should include 
men other than AFS Directors. It was suggested that the com- 
mittee be partially or wholly made up from men outside the 
Board, including men of top management who would carry the 
prestige of the Society and the industry and be of direct value 
to the membership program. The Chairman agreed to corres- 
pond with the President and the Vice-President concerning this 
development, with possible suggestions for the next Board meet- 
ing. 

There being no further business to be considered, the meeting 
was declared adjourned. 


Respectfully submitted, 
ASHLEY B. SINNETT 
Secretary 





Minutes 
Annual Meeting of 
AFS Training & Research Institute Trustees 
Union League Club, Chicago— Dec. 9, 1959 


Rott Cai: Chairman H. Bornstein, presiding (exp. 1961) 
Vice-Chairman C. E. Nelson (exp. 1961) 
N. J. Dunbeck (exp. 1962) 
L. H. Durdin (exp. 1960) 
R. A. Oster (exp. 1962) 
I. R. Wagner (exp. 1963) 
B. C. Yearley (exp. 1960) 
StaFF: Wm. W. Maloney, T&RI Secretary 
S. C. Massari, T&RI Director 
Edw. R. May, T&RI Treasurer 
A. B. Sinnett, AFS Secretary 
R. E. Betterley, T&RI Training Supv. 


Reading and Approval on Minutes 
(a) Annual Meeting of Trustees, Dec. 10, 1958. 
(b) Trustees Meeting, April 14, 1959. 
Review of T&RI Courses 1959 


Messrs. Betterley and Massari analyzed acceptance of Training 
Courses held during the past two years. 


Report of Finances 1958-59 


The Treasurer presented financial statements for T&RI cover- 
ing the 11-month period Dec. 21, 1958 to Nov. 20, 1959, showing 
Total Income $21,153.57, Total Expense $54,491.76, Excess Ex- 
pense $33,338.19. The following is briefed from the statement: 
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Income se Bé eh s 04 OH one 66 0 ws e+ COS se Obese soreveneses $21,153.57 
Expense: 

Direct Course Expense ...... $6,887.10 

Indirect Course Expense ..... 5,437.98 $12,325.08 

Descente IN. o.0:s0 bids sinks 5 2G ets deiges 29,345.67 

Fdy. Instructors Seminar ............... 5,303.17 

Development & Promotion ............. 7,155.01 

General Office Expense ................ 362.83 54,491.76 
eres MME 65 5 <i oSnie obs ass se nscabiwes davcma epee $33,338.19 
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During discussions, the point was made that the financial 
statement presented gives an inaccurate picture of T&RI finances, 
since it does not show as income the substantial AFS Contribu- 
tions to the Institute, totaling $41,803.85 for the 11-month period 
to Nov. 20. Trustee Yearley pointed out that if these Contribu- 
tions were included as income, T&RI would then show Excess 
Income for the period as follows: 





pes. SCA SE. oo o:ne 4: fon Watered $21,153.27 

AFS Contributions: .............00..- 41,803.85 $62,957.42 
ef reer re Terie ee 54,491.76 
ti 2D. . nas cache »ehbmheeek leae taal $ 8,465.66 





The Trustee emphasized the point that T&RI finances should 
be presented to the industry to show that it is not a drain on the 
finances of AFS, but actually is operating in the black. It was 
agreed that future financial statements should include AFS Con- 
tributions insofar as possible, within the limits of correct ac- 
counting practice and the Institute’s tax relations. At the same 
time, the General Manager pointed out that the tax-exempt 
status of T&RI has not yet been determined. 

The General Manager called attention to a 3-year cumulative 
report on AFS-T&RI Income and Expense showing that to date 
the total cost of T&RI operations incurred by AFS, over and 
above those activity obligations the Society would normally ex- 
pect to carry on and finance, has been $15,993 or an average of 
$5,331 per year since T&RI was organized. The statement also 
showed that T&RI has been operated to date at a Net Income of 
$3,308, considering all Income and Expense (both direct and in- 
direct, overheads, and AFS contributions to the Institute). 


Annual Audit 


The Treasurer stated that the financial books of T&RI should 
be audited for the fiscal year ending Dec. 20, 1959. On motion 
made, seconded and carried, such audit was authorized to be 
made by Geo. W. Rountree & Co., Chicago, certified public ac- 
countants. 


T&RI Course Program 1960 


A schedule of 1960 Training Courses was presented as ap- 
proved by the T&RI Course Advisory Committee, proposing a 
total of 19 courses and including 3 Regional training courses 
(at Birmingham, Ala.; Toronto, Ont.; and Indianapolis, Ind.). It 
was stated that 5 additional Regional courses are being con- 
sidered, at Chattanooga, Tenn.; Erie, Pa.; Philadelphia; Buffalo, 
N.Y., and Wentworth Institute, Boston. 

The Director announced appointment of a Course Advisory 
Committee comprising the following personnel: 


Chairman Bornstein, ex officio. 

Thos. E. Barlow, Eastern Clay Products Dept., International 
Minerals & Chemical Corp., Skokie, Ill. 

Jas. L. Leach, University of Illinois, Urbana, II. 

Thos. T. Lloyd, Albion Malleable Iron Co., Albion, Mich. 

Edward Trela, Apex Smelting Co., Cleveland. 

John F. Wallace, Case Inst. of Technology, Cleveland. 

Howard H. Wilder, Vanadium Corp. of America, Chicago. 


Report on Proposed T&RI Building 


The status of architectural plans were reviewed for the pro- 
posed T&RI Training Center building, under authorization to 
complete all plans and detailed specifications. These phases of 
the project having been completed, Architects Kenneth Holmes 
and Richard Fox were introduced to discuss plans and specifica- 
tions details. 

The Trustees expressed to the Director and to Messrs. Holmes 
and Fox their satisfaction with the work to date. The architects 
being excused, the Director introduced a letter from Holmes & 
Fox dated Sept. 9, 1959, giving up-to-date cost estimates and 
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changes and additions incorporated in the plans. The letter in- 
cluded the following estimate of current cost for the AFS Train- 
ing Institute building: 


“The original estimate was prepared on Dec. 9, 1957. It now 
appears that a reasonable estimate of the increased costs of 
construction since that time is 8%, as follows: 


“Original cost estimated, including $6,345.00 site 


ne ce eT EE eTTT ee eee $372,350 
8%, of $372,350.00, due to est. increased costs ..... 29,790. 
Ene on nse) ocd. win ounce EP ete 7,500. 
South Parking Area improvements .............. 8,000. 
Various changes and additions .................. 20,000. 
Building Construction Cost ...............0.0005 $437,640. 
Architects and Engineers Fee ...............0005- 30,635. 

po rere $468,275. 


Items included under the heading “Various Changes and Addi- 
tions” were detailed and approved. It was pointed out that the 
estimates do not include equipment, furnishings or landscaping. 

The Director stated that payments made to the architects to 
Nov. 20, 1959 totaled $21,444 of the total fee of $22,976 presently 
obligated (75% of total fee of $30,635; final 25% to be incurred 
for supervision of construction). 

The Chairman reported action by the AFS Board of Directors 
at the Annual Board Meeting held Aug. 6-7, pertaining to the 
proposed T&RI building. He stated that the AFS Board was 
disinclined to authorize construction at this time pending im- 
provement in Society finances, and read the following Resolution 
approved by the AFS Board: 


“RESOLVED that the Executive Committee be authorized 
to complete architectural pians and specifications for the 
Foundry Training Center building but that final action on 
construction be deferred until permanent AFS financing of 
T&RI operations has been resolved.” 


The Chairman then read a letter he had written to AFS 
President Nelson on October 9 pertaining to the Board action 
on the proposed building, as follows: 


“I have Bill Maloney’s letter of September 21 addressed to 
the T&RI Trustees advising that the AFS Board has de- 
ferred action on the proposed building, due to the present 
condition of AFS finances. 

“Under date of September 23, Bill Maloney wrote the Trus- 
tees informing them that our Washington attorneys had ad- 
vised that a favorable ruling on our application for tax ex- 
emption had been written up and is now on its way through 
the mill at the Treasury Department. This is the first real 
ray of hope we have had in the tax situation, and I feel that 
it is a distinct step forward. I know that our attorneys will 
follow this closely, and I am hopeful that we may have a 
favorable decision before the end of the year. 

“If we should receive a favorable decision, it would mean 
that there would be a good opportunity to solicit funds from 
the industry and from individuals for construction of the 
T&RI building. I believe that the AFS Board should plan 
for such a program so that it immediately can take advan- 
tage of a favorable ruling. 


“We should not forget that the Staff has done an outstand- 
ing job on T&RI courses, in spite of limited and inadequate 
facilities. I am sure that a major factor has been the hope of 
having a building which would permit proper presentation 
of the courses, and the desired expansion of T&RI activities. 
We must recognize that the present situation cannot con- 
tinue indefinitely. If the T&RI building is pushed into the 
dim future, we should evaluate the situation realistically; 
and that means, in my opinion, the suspension of T&RI ac- 
tivities. 

“T&RI was established on the basis that AFS would provide 
the building. This was a provision made by the AFS Board 
and not by T&RI Trustees. If the AFS Board feels that the 
building is out for the foreseeable future, then suitable steps 
should be taken to modify or eliminate the set-up with 
T&RI. I believe this situation should be explored thoroughly 
at the next meeting of the Trustees which is scheduled for 
December 9.” 


Extended discussion followed on the Board’s current position 
with reference to the proposed building. AFS President Nelson 
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and Vice-President Dunbeck stated that the Society’s substantial 
net deficit of 1958-59, much larger than had been anticipated, 
had caused the Board to approach the building project with 
more caution. The President stated that steps were being taken 
to recoup these losses, but meanwhile the Board is hesitant to 
undertake the additional financial obligations which, it is be- 
lieved, would be incurred in operating a permanent Training 
Center establishment. 

Several Trustees expressed the view that the present T&RI 
training program could not be continued indefinitely without 
better facilities, because of physical limitations on the number 
and type of courses that can now be presented. It was pointed 
out that the Trustees had initially declined to request a T&RI 
building, but after an experience with “trial courses” had recom- 
mended in 1958 and again in 1959 that the AFS Board authorize 
construction as soon as possible. 

Trustee Oster reported on the 1959 annual meeting of the 
American Vocational Association, stating that there was strong 
evidence there of the aggressive work of several industries in 
training courses for technicians and supervision. He recalled his 
own experience in setting up a vocational training school in 
Beloit, Wis., and stated that initial disinterest of local industry 
has since become active support due to results obtained. He asked 
that his report on the situation be made a part of these minutes 
(Appendix A). 

Trustee Durdin stated that if deferment of building construc- 
tion continues, there is grave danger that the building project 
may eventually be shelved permanently. He pointed out that the 
project had been approved in principle by four successive AFS 
Boards as a needed service to the industry, and that expected 
increases in castings consumption, due to America’s phenomenal 
population rise, gave the project added importance. 

Chairman Bornstein reiterated his belief that the training 
facilities in the proposed building are badly needed to do full 
justice to the Institute’s training program. At the same time, he 
pointed out, the problem of financing construction and operation 
of the building would be eased greatly if the Institute’s request 
for income tax exemption, still pending, is approved by the US. 
Treasury. 

All in attendance being given an opportunity to discuss the 
matter, a resolution then was approved by the Trustees on 
motion made, seconded and carried, as follows: 


RESOLUTION 


The Trustees of the AFS Training and Research Institute 

hereby inform the AFS Board of Directors of their desire to 

develop fully and at the earliest possible date the complete 

T&RI Program originally authorized. The Trustees point 

out to the AFS Board the Trustees’ inability to discharge 

fully their accepted obligations under this program without 
more adequate physical facilities than presently available. 

The Trustees also suggest that continual rising costs may 

affect continuation of Institute courses on the present basis 

and in view of many related courses now being offered by 
other organizations. At the same time, the Trustees are fully 
conscious of existing AFS finances and, until such time as 
the Institute may be self-supporting, do not desire that the 
proposed T&RI building be a financial drain on AFS to the 
detriment of other Society activities. The Trustees also re- 
alize that the Institute’s permanent tax status is not yet 
resolved. With these several considerations in mind, the 

Trustees again strongly recommend that the AFS Board of 

Directors provide, at the earliest possible moment, all means 

whereby the Trustees may undertake and develop the com- 

plete Institute program, including the proposed training 
building. 

The General Manager raised the point that the AFS Board 
in August 1959 had deferred construction of the T&RI building 
“until permanent AFS financing of T&RI operations has been 
resolved.” Question was raised as to what condition of AFS 
finances might make possible a more favorable Board decision. 
President Nelson suggested that the matter be thoroughly ex- 
plored and the Trustees advised, and that meanwhile the Staff 
should develop more precise, up-to-date estimates of income and 
expense of T&RI operations under a full program of Institute 
activities and the proposed Training Center. 

The Trustees agreed that many foundry executives are not 
acquainted with the T&RI program and purposes, and sug- 
gested that greater promotion and publicity is needed. The Gen- 
eral Manager stated that the Staff was presently unable to pub- 
licize broadly the importance and purposes of the proposed 





Training Center building since the project has not been 


proved for construction. “Until a green light on the building (s 
voted by the AFS Board,” he said, “any publicity campaign on 


the building itself would be impractical and improper.” 


Report on T&RI Tax Exemption Status 


The General Manager advised receipt of letters from attor) 
Lee, Toomey & Kent, Washington, on the T&RI request for «.- 
emption from payment of income tax as a foundation qualified 


for approval under Sec. 501(c)(3) of the 1954 Internal Reverie 
Act. Letter dated Sept. 19, 1959 stated: “A favorable ruling jas 


been written up and is on its way through the mill. It is under 
review at the moment by one of the technical advisers, which 
means that we may still have to battle our way along. However, 
the fact that it has started on its way is encouraging.” 

With letter dated Dec. 1 the attorneys enclosed a new proposed 
regulation under Sec. 501(c)(3) defining the terms “scientific” and 
“research” for purposes of qualifying organization requests. Ex- 
cerpts from the proposed regulation were read, and the Trustees 
agreed with the attorneys that the new regulation “does not 
seem to contain anything which would disqualify T&RI from 
approval.” The public being given 30 days to file comments 
on the new regulation, dated Dec. 1, 1959, it was the consensus 
that T&RI and AFS would file no official comment or objection. 

In response to question, the General Manager stated that 
complete tax exemption of T&RI undoubtedly would facilitate 
the solicitation of funds from the industry, since any contribu- 
tion to an organization exempted under Sec. 501(c)(3) is auto- 
matically deductible by the donor. However, he said, he was 
confident that the needed funds still could be raised by AFS 
itself in the event T&RI is refused full tax exemption, although 
it would probably take three to five years longer to do so. 

He reminded the Trustees that AFS, with limited tax exemp- 
tion, had raised $227,000 for the AFS Headquarters building in 
1950-1952. No contribution received then exceeded $1500, he said, 
and the average contribution from all contributors was only 
$215. 


Announcement of Next Meeting of Trustees 


The Chairman announced that the next meeting of T&RI 
Trustees would be held May 10 in Philadelphia during the 1960 
AFS Castings Congress & Exposition. 
There being no further business to be considered, the meeting 
was declared adjourned. 
Respectfully submitted, 
Wo. W. MALONEY 
T¢RI Secretary 

APPROVED: 

H. Bornstein, Chairman 

Feb. 3, 1960 


(Appendix "A" to Minutes of 
Annual Meeting of T&RI Trustees, 


Dec. 9, 1959) 
Statement by T&RI Trustee R. A. Oster 


The American Foundry Industry needs technicians and 
skilled help as never before, and this need will continue to 
increase every year from now on. Yet it seems that only a rela- 
tively few foundrymen are truly interested in the Training and 
Research Institute building. Although we can appreciate the in- 
dustry’s caution in respect to education and training, those re- 
sponsible for the project should not be alarmed or unduly in- 
fluenced by this present attitude. 

The AFS short unit courses have proved effective for the job 
they were designed to do. They were set up as a pilot program 
to test whether or not the Foundry Industry would support short, 
institute-type, technical training. The industry not only has 
supported the program, but it seems reasonable to conclude, 
when we hear of the many students who travel hundreds of 
miles to attend, that the Foundry Industry has a desperate need 
for technical training. 

From my experience as a teacher and school administrator, | 
have learned that for any instruction to be of consistent quality, 
effective and flexible to meet changing needs, it must be given 
in acceptable facilities by qualified instructors using all known 
teaching methods. The best planned course, expertly given, 1s 
seriously handicapped when the surroundings are out of char 
acter and the equipment limited. 


























Ai present the Training & Research Institute instructors are 
seriously handicapped by inadequate facilities and limited equip- 
ment. This situation limits the instructor to only one or two of 
the many teaching techniques available; more often than not, 
instructors will use only the lecture method. In time, enroll- 
ments are bound to decline, teachers will become discouraged, 
and this type of “suit-case” school will no longer be effective. 

If these courses fail, people will say “The Foundry Industry 
does not want training.” This must not be allowed to happen. 
Until adequate training facilities are provided, no one can de- 
termine accurately the training potential, the areas where train- 
ing will be most needed, or even the proper type and size of 
instructional staff. 

To my knowledge, no public or private technical school at 
the present time is equipped or staffed to do the job of foundry 
technician training. We hear reports about graduate foundry 
apprentices who are given jobs of responsibility the day they 
graduate, but no foundry can rely on this type of training to 
supply its skilled manpower requirements. If not enough people 
are being trained, it follows that the need for trained people 
will steadily increase. 

As long as I can remember, I have been hearing foundry man- 
agement decry the fact that they are getting fewer and fewer 
top-caliber men interested in the foundry. Managements who will 
act quickly in making a decision to double their foundry capacity 
in anticipation of increased business will procrastinate or deny 
expenditures for the training of manpower to operate their new 
equipment. 

The amount of invested capital per employee in the United 
States continues to increase. In 1940 the capital investment per 
employee was $11,000; in 1960 it is $27,000; and it is predicted 
that in 1975 it will be $100,000 per employee. Would any shrewd 
foundryman be willing to permit an unskilled workman to 
operate his $27,000 investment . . . or his $100,000 investment of 
the future? 

The original premise that a Training and Research Institute 
is needed — that it will work and will finance itself —is honest 
and reasonable. The Milwaukee School of Engineering, founded 
in 1903, was established to provide short-term technical training. 
In 1932 the school was faced with the problems of mounting 
instructional costs, a depression, a drop in enrollments that pro- 
vided the revenue, and the establishment of the Milwaukee 
Vocational and Adult School technical institute program, 
financed by the state and offering similar courses at a $2.00 fee. 

The founder of the Milwaukee School of Engineering wanted 
to meet competition, but he also wanted to stay in business. He 
improved course instruction, increased individual course fees 
from $200 to $400, coordinated his programs with the needs of 
local industry, and concentrated on quality only. His school not 
only survived, it was expanded from one building in 1933 to 
seven buildings in 1959, and in 1960 a new technical center will 
be dedicated. 

The history of Beloit Vocational and Adult School has re- 
corded many educational “impossibles” that have been turned 
into realities. During the past 15 years most of the “can’t do’s,” 
the “too dangerous,” the “won't accept,” and the “too costly” 
original objections have been overcome by effective, low cost 
training programs. The only failure experienced to date is the 
failure to try. 

The AFS Board of Directors is in somewhat the same situa- 
tion today. Certainly the Foundry Industry has an educational 
need. It has been demonstrated that the staff can meet this 
need under the most trying conditions. To move forward, a 
central training unit must be built, capable of conducting mean- 
ingful surveys for keeping abreast of national training needs and 
of implementing instruction to meet those needs. The continuous 
training of foundry technicians and the upgrading of all foundry 
personnel is a “must” if the Foundry Industry is to survive the 
competition for trained personnel during the next 25 years. 

Other national industries, such as electronics, automotive, 
digital computers, etc., have already recognized the value of 
central training centers. Their recruiters are active, and they are 
aggressively telling their story to top high school and college 
graduates. They have requested and obtained support from many 
vocational and technical schools throughout our nation. 

These industries are competing with the Foundry Industry for 
trained manpower. Unless the Foundry Industry takes a realistic 
look at its own recruitment problems and establishes training 
programs in trade schools and colleges, plus the upgraded pro- 
grams of the AFS Training and Research Institute, we will be 
forced to accept “second class” technical help at a time when 
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standards are most exacting, materials costly and expansion 
necessary. 

The Philco Corporation through their Tech-Rep Division have 
produced a study entitled “Technically Trained Manpower Now 
and In The Future.” They analyzed the engineering personnel 
shortages in their industry at the professional level, the techni- 
cian level and the craft level. They know the sources for re- 
cruiting the people they need. They do not rely only on the 
present work force but recruit technically trained people from 
armed services training schools, people trained in the vocational- 
technical schools, and people trained in the technical and non- 
technical trade schools. They have a plan for alleviating the 
shortage of workers in their own field, and to implement the 
plan they use all available public and private technical training 
facilities, cooperating industry and their own technical institutes. 

In Minnesota a report of the State Industrial Development De- 
partment, covering the number of electronic courses offered and 
the number of students enrolled, shows that 135 universities and 
colleges, 26 area vocational and trade schools and 7 private trade 
schools offered one or more courses in electronics. None of the 
schools studied offered courses in foundry technology. They did, 
however, offer complete technical courses in chemicals, ceramics, 
petroleum technology, data processing, radio and communica- 
tions, and enrollments totaled many thousands. 

The Bureau of Labor Statistics of the U.S. Department of 
Labor states that 600,000 technicians and 740,000 scientists and 
engineers were employed in American industry on January 1, 
1957. Of these, 95,000 were employed in the electrical equipment 
industry, 83,000 in the machinery industry, 52,000 in aircraft and 
parts, 37,000 in fabricated metal products and ordnance, 35,000 
in chemicals and allied products, and 26,000 in the petroleum 
industry. The Foundry Industry was not listed. 

In the booklet “Wisconsin Manpower Outlook,” prepared by 
the Wisconsin State Employment Service, a summary report of 
skilled manpower requirements and training resources of Mil- 
waukee County projected to 1963 shows.a need of 200 core- 
makers, 100 metallurgists, 200 metallurgical technicians, 250 
patternmakers and 250 molders from 1958 to 1963 only. This re- 
port lists the new people needed in these fields, and does not 
include replacements. The number of indentured apprentices 
in Milwaukee County at this time will not meet 10% of the 
stated need. Multiplying this by all the other foundry centers in 
the U.S. will give some idea of the shortage of foundry craftsmen 
and foundry technicians that will be needed by 1963. Where will 
we get these new workers? 

Dr. Fishbien, Deputy Commissioner of the U.S. Department 
of Labor, has stated that (1) 1314-million new workers will 
enter the labor force between 1960 and 1970, the largest number 
in our history; (2) one out of every two workers will be women; 
(3) the national gross product will increase from $500,000,000 
to 3% of a billion dollars; (4) the entire labor force must be 
supplied from the following age groups: 14-24 years, 47% new 
additions . . . 25-34,,13% new additions . . . 35-44, 1% decline . . . 
45 and over, 41% new additions. 

As a past Director of AFS and as a Trustee of T&RI, I have 
often heard the training center project deferred with such 
phrases as “give us the facts” ... “this is not the time”. . . 
“we should wait and see” .. . “let us not be too hasty”... 
“I am not against the idea, but” . . . or “there are more pressing 
problems to finance.” Many other industries are not waiting. 
They are spending money to build training centers and to train 
men to solve their critical manpower shortages. They are trans- 
lating their needs into realities. 

A wise man once said, “Nothing will happen unless someone 
makes it happen.” If all objections to any educational program 
first had to be overcome, the one-room country schoolhouse 
would still be a wide-eyed dream. 

What we do in secondary school training, post-high-school 
training and technical school training at this time will determine 
the caliber of men who enter our foundries in the future. Al- 
though these facts seem to be appreciated by people in most 
industries, it does not seem to be so in the Foundry Industry. 

Unless the AFS Board of Directors accepts the challenge to 
proceed with an organized plan of training, including provision 
for adequate facilities, the Foundry Industry will continue to 
remain “the place where you work if you can’t work any other 
place.” And since only the larger foundries will continue to 
train technicians, the industry as a whole will always have the 
problem of hiring trained personnel . . . and will continue to 


ask: “Can’t somebody do something about this training prob- 
lem?” 
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Meeting of AFS Training and Research Institute Trustees 
Sheraton Hotel, Philadelphia —— May 10, 1960 


Routt Catt: Chairman H. Bornstein, presiding (1957-1961) 
N. J. Dunbeck, Trustee (1959-1962) 
L. H. Durdin, Trustee (1960-1964) 
A. L. Hunt, Trustee (1960-1963) 
C. E. Nelson, Trustee (1958-1961) 
I. R. Wagner, ‘Trustee (1959-1963) 
B. C. Yearley, Trustee (1957-1960) 


Guest: Jess Toth, Chairman Education Division 


StarF: Wm. W. Maloney, Secretary T&RI 
S. C. Massari, Director T&RI 
Edw. R. May, Treasurer T&RI 
R. E. Betterley, Training Supervisor 
A. B. Sinnett, Secretary AFS 


Absent: R. A. Oster, Trustee (1958-1962) 


Reading of Minutes 


Minutes of the Trustees meeting held Dec. 9, 1959 were read 
and approved, as corrected to show that Jess Toth was present 
at the meeting. On question whether the estimate of $468,275 
for building construction included the 8% increase in cost re- 
sulting from increases in Chicago area labor rates and material, 
the T&RI Director replied that it did. 

Question was asked whether courses given by other organiza- 
tions may affect the Training and Research Institute program. 
Following discussion, it was stated that such courses may have 
some effect on T&RI, but not seriously. It was also stated that 
some universities have recently changed their policies and are 
reinstating foundry and other “application” courses. 


Progress of Courses 


A summary of the present status of T&RI courses and an 
analysis of all courses given to date during 1960, in comparison 
with previous years, was presented by the Staff. 


Financial Report 


A financial report for T&RI was presented covering the three 
months ended March 20, 1960. It was suggested that Income from 
Investments be added to Contributions. 


Tax Exemption Status 


The Director gave a brief report on theT&RI appeal to the 
Interna! Revenue Service for full tax exemption. This appeal at 
the present time is unresolved due to the fact that the Internal 
Revenue Department still has not finalized its new ground rules 
for exempt organizations. 

It was suggested by a Trustee, and approved by all present, 
that T&RI attorneys Lee, Toomey & Kent receive a partial pay- 


ment of approximately $5,000 for accumulated fees to date, s:11) 
ject to approval by the AFS Finance Committee. 


Proposed T&RI Building 


Trustee Nelson reported on action of the Board of Directors 
at a meeting held Feb. 22-23, 1960. He advised that the Board 
members fully approved the courses given but were unwilling at 
this time to proceed with the T&RI building, undoubtedly «ue 
to lack of adequate publicity or misinformation. The Finance 
Committee, he said, had agreed to make a thorough examina- 
tion of the past and present status of T&RI, particularly in re- 
gard to the building, for a report to the Board of Directors, 
probably at the Annual Board Meeting in August. He reported 
that the Committee met in March and decided that it could not 
recommend proceeding with construction of the building until 
T&RI tax exemption has been finally decided. 

The Chairman expressed concern that in November 1956 the 
AFS Board of Directors had agreed to proceed with construction 
of the building. In December 1956, he said, the T&RI Trustees 
were not convinced that construction of the building should be 
initiated until trial courses proved the need and support, and 
that it now appears that some of the AFS Board members op- 
pose its construction. Trustee Nelson indicated that this probably 
was due to the Board not being properly informed on all details 
of the project. 


Election of Chairman 


Chairman Bornstein stated that he had served three terms as 
Chairman of Trustees and preferred not to continue, so as to 
permit someone else to serve. He then called for nominations 
for election of a Chairman for 1960-61. The incumbent Chair- 
man was immediately nominated to succeed himself and, on 
motion that nominations be closed, Chairman Bornstein was 
unanimously reelected. 

The Chairman presented two new Trustees: A. L. Hunt, Vice- 
President of AFS, to serve a 3-year term 1960-1963, and past 
Trustee L. H. Durdin, elected by the AFS Board of Directors 
for a 4-year term 1960-1964. 

The Chairman announced that Trustee Yearley’s term as a 
Trustee had expired, and all present expressed appreciation for 
his services. 


Respectfully submitted, 


S. C. MASSARI 
Director 
APPROVED: 
H. Bornstein, Chairman 
June 18, 1960 
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ABSTRACT 


Knowledge of feeding distances of gray iron cast- 
ings will aid in the selection of proper location and 
number of risers to be used. To minimize mold wall 
movement, rigid molds were used in this phase of the 
research to deterrnine feeding distances. An attempt 
was made to exceed feeding distances by feeding long 
lengths with one riser. Simple, uniform sectioned 
castings of unalloyed hypoeutectic gray iron were used. 
Some riser volume was found to be necessary to com- 
pensate for liquid shrinkage in cooling and solidifica- 
tion contraction accompanying austenitic dendritic 
solidification. As the carbon equivalent decreases 
solidification contraction increases. 


INTRODUCTION 


This is a progress report on work in the feeding 
distance of risers for gray iron castings sponsored 
at Case Institute of Technology by the American 
Foundrymen’s Society, and performed under the di- 
rection of the Research Committee of the Gray 
Iron Division.* The work is being continued under 
the same sponsorship and direction to investigate 
other variables of the performance of risers in gray 
iron. 

The majority of cast metals undergo considerable 
liquid and solidification contraction during their 
cooling from the pouring temperature and eventual 
solidification. Risers are provided to compensate for 
this contraction and to produce a casting free from 
shrinkage defects. Risers serve two purposes: 


1) To compensate for the volumetric contraction of 
the metal. 

2) Vo create temperature gradients in the casting such 
that channels of metal supply are open from the 
risers to all parts of the solidifying casting as re- 
quired. 


Risers usually cannot supply feed metal more than 
a certain finite distance. The maximum zone over 


G. K. TURNBULL and H. D. MERCHANT are Graduate Assist- 
ants, and J. F. WALLACE is Assoc. Prof., Case Institute of Tech- 
nology, Cleveland. 


*Members of the Research Committee of the Gray Iron Divi- 
sion of the AFS are: J. S. Vanick, Chairman, R. A. Clark, W. W. 
Edens, G. W. Gilchrist, R. Gregg, O. Meriwether, G. P. Phillips, 
J. E. Rehder and C. F. Walton. 
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which the riser can supply this feed metal is known 
as the feeding distance of the riser. The application 
of the term feeding distance to gray iron is not 
strictly accurate because of the self feeding of this 
metal as will be discussed later. 


LITERATURE REVIEW 


In the last two decades, quantitative methods of 
risering castings have been developed. Chvorinov! 
initiated the development with his theory of the 
solidification times of castings. Caine? and the Naval 
Research Laboratory? presented methods for dimen- 
sioning of risers for steel castings. Similarly, Bishop 
and Ackerlind* and Wallace and Evans5 described 
methods for nodular iron and gray iron, respectively. 
Merchant® suggested a general method whereby it is 
possible to dimension the risers of simple shaped cast- 
ings cast in any metal if the shrinkage characteristics 
of the metal are known. The Naval Research Labora- 
tory7-8,9.10 established the feeding distances of risers 
for steel casting for a number of solidification vari- 
ables. 

Depending upon the geometery of the casting, a 
minimum temperature gradient is necessary in most 
cases to assure proper feeding. The temperature 
gradient between two points in a given casting shape 
is a function of metal and mold properties and 
conditions. If a riser is so located that the metal 
and mold properties result in insufficient thermal 
gradients to assure proper feeding, then centerline 
or dispersed porosity will result. This shrinkage is 
usually located in the central thermal zone of the 
casting, since the heating effect of the riser and 
cooling influence of the end of the casting produce 
the required thermal gradients in the areas of the 
casting adjacent to each. 

While considerable data on the feeding distance of 
risers for steel castings are available, little informa- 
tion is published for other casting alloys. However, 
the solidification characteristics of many of these 
alloys are known,1!1 and engineering estimates of the 
feeding distance of these metals are possible. 


SOLIDIFICATION PROCESS 


Gray iron does not solidify in the solid-wall, pro- 
gressive manner demonstrated by steel, but involves 
a simultaneous formation of solid constituents of 











TABLE 1— DETAILS OF GATES AND RISERS 











Riser Neck Sprue Sprue Runner _— Pourir 
Riser Dia., Riser Height, Dimensions, Top, Choke, Area, Time, 
Heat No. Casting Size, in. in. in. in. sq in. sq in. sq in. sec. 
1, 2, 3,4 Bar, | x 1 x 60 2 3° 0.5 long x 0.47 0.23 1.00 5 
0.8 dia. 
1,3 Bar, 2x 2x 60 3 4° 1 longx 0.60 0.30 1.20 18 
1.5 dia. 
1,2 Plate, thick —1, 6 8 o 5.56 2.78 11.20 40 
radius —60 
3 Plate, thick —1, 7 9 5.56 2.78 11.20 40 
radius —60 ee ; 
*Plus hemispherical bottom section. 
**Riser flat on bottom, one half of bottom surface rests on plate surface. e 





primary austenite and eutectic at different depths 
within the casting. Thus, large isothermal zones re- 
sult in a gray iron casting rendering it susceptible 
to shrinkage defects. These defects frequently do 
not occur because of the well-known “self-feeding” 
during graphite precipitation occurring with the 
eutectic solidification. This phenomenon has re- 
sulted in statements11,12 that the feeding distances 
in gray iron are essentially semi-infinite. 

This does not mean that risering is not necessary 
in gray iron, however, because the requirement of 
a substantial amount of feed metal may exist- before 
and during the formation of dendrites of primary 
austenite. Mold wall movement may markedly in- 
fluence riser requirements. 

Mold cavity enlargement has been shown to be 
a major consideration in feeding gray iron cast- 
ings.13,14,15 This enlargement occurs primarily in 
green sand molds as a result of the moisture in the 
sand, hydraulic pressure of molten iron and the push 
occurring during eutectic expansion. Since gray iron 
exhibits a mushy-type solidification, it has a tend- 
ency to follow the mold wall throughout solidifica- 
tion, and the problem of swollen castings is par- 
ticularly severe with this metal. 

Since the majority of this mold cavity enlarge- 
ment ensues as the result of eutectic solidification 
during the latter stages of freezing, it imposes a 
severe risering problem. This is because the move- 
ment of feed metal from the riser is impeded by the 
solid constituents blocking the feed channels. Mold 
cavity enlargement is not a serious problem with 
inherently rigid molds such as dry, core or CO,- 
set molds. In fact the mold cavity can even be re- 
duced for large chunky castings produced in these 
molds, or in molds containing large cores, with the 
result that feed metal requirements are reduced. 


PURPOSE OF STUDY 


It was the purpose of this study to determine the 
feeding distances of gray iron castings in order to 
permit accurate selection of the number and loca- 
tion of risers. The first stage of the research was 
confined to a nondialating or firm mold, so that 
the effect of mold wall movement could be mini- 
mized, An attempt was made to feed long distances 
in the casting with one riser, and to extend these 
distances over sections that were obviously semi- 
infinite from a thermal standpoint. These long 
lengths were selected in a deliberate attempt to 


exceed the feeding distances of gray iron, if a 
limit to the feeding distance of adequate risers 
does exist. 

Adequate risers5 were selected so that sufficient 
feed metal was available for the casting, and only 
the problem of fluid transport or feeding distance 
need be considered. The contention that feeding 
distances in gray iron were unlimited was primarily 
applied to low strength, slightly hypoeutectic gray 
irons. The compositions selected for this investiga- 
tion included the entire field of commercial hypo- 
eutectic gray irons, from mildly to strongly hypoeutec- 
tic, so that the feeding distance for the entire range 
could be established. 


PROCEDURE 


The cast sections employed in this investigation 
were two bars 1 x 1x60 in. long and 2x 2x 60 in. 
long, and one semicircular plate section 1 in. thick 
with a 60 in. radius. The risers were located at 
one end of the bars and at mid-length on the 
straight side of the plates. Risers and riser necks 
were dimensioned according to formulas developed 
in a recent investigation,5 and were designed to be 
adequate for the size of casting and type of iron 
poured. All castings were single gated tangentially 
into the riser, utilizing the optimum pouring times 
and gating systems recommended by another recent 
progress report.16 

Risers on the bar castings were closed top; plate 
casting risers were open top with a mild exothermic 
addition. Details of the pouring times, gating sys- 
tems, risers and riser necks are given in Table 1. 
The appearance of typical bar and plate castings is 
shown in Fig. 1. 


Four heats of castings were poured with carbon 
equivalents of from 4.1 to 3.3 per cent. The two 
bar and one plate castings were poured from the 
first three heats; the two sizes of bars were cast 
from heat four. All iron was melted in a com- 
mercial, hot blast, acid-lined, 54 in. diameter cupola 
and transferred to a holding ladle. Iron was tapped 
from the holding ladle into preheated hand-operated 
ladles suspended from a crane and poured into the 
molds. The cupola charge consisted of various 
amounts of pig iron, steel and gray iron scrap with 
small additions of silicon carbide and ferrosilicon. 

The approximate cupola tapping, holding ladle 
tapping and pouring temperatures were 2800, 2650 
and 2550F, respectively, as determined by optical 























pyrometer. High strength iron heats (2, 3 and 4) 
were inoculated in the ladle with 0.30 per cent silicon 
as ferrosilicon of a controlled aluminum and cal- 
cium content (1.80 per cent Al, 0.30 per cent Ca). 
Final chemical composition and pouring or teeming 
temperatures of the heats are contained in Table 2. 


MOLDING SAND USED 


The castings were rammed in a molding sand 
that was designed to remain rigid during pouring 
and solidification, thereby avoiding mold cavity ex- 
pansion. The first heat was rammed in a sodium 
silicate bonded molding sand (Michigan Lake sand, 
AFS No. 50 fineness) that was set after ramming 
by gassing with CO,. The remaining three heats were 
rammed in a similar sand bonded with a cold setting 
core oil. All castings were poured in a horizontal, 
leveled position after the addition of weights to 
the top surface of the cope. A 2 in. layer of sand 
surrounded all parts of the casting to prevent rapid 
loss of heat at any location. The castings were al- 
lowed to solidify without moving, and were cooled 
in the mold to below 900 F before shakeout. 


SPECIMEN INSPECTION 


After cooling to room temperature, all castings 
were sand blasted and inspected for surface ir- 
regularities, sinks and other defects. A 1 in. thick 
strip was cut from each plate section. This strip 
bisected the 180° plate, and was cut through the 
center of the riser. The bars and the strip from 
the plate were examined radiographically in a di- 
rection parallel to the horizontal cast surfaces. The 
| in. thick pieces were examined by 250 kv x-ray 
equipment, and the 2 in. thick pieces by gamma-ray 
inspection. As a further check, six equidistanced 
slices were cut from the bars. 

These slices and the | in. strips from the semi- 
circular plate were etched for 24 hr with 10 per 
cent sulfuric acid, cleaned and examined visually 
for shrinkage. Brinell hardness readings were taken 
at the center of the slices cut from the bars and 
at the center of the side of the strip cut from the 
plates. All risers were sectioned vertically in the 
center, etched and examined visually for shrinkage 
in a manner similar to the procedure for the strips. 

Wedge-type (2 in. high by 114-in. base) chill tests 
and vertical bars (1.2 in. diameter by 20 in. long) 
were cast for all heats in oil-bonded, baked core 
sand. These latter tests were taken both before and 
after inoculation on heats 3 and 4. The chills were 
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Fig. 1 — As-cast gray iron bars and plate castings used 
in this phase of research showing gate and riser at- 
tached. Note distances given for each type of casting. 


fractured and examined. White edges of the chill 
were crushed and analyzed for carbon content; the 
remaining elements were determined from the drill- 
ings from the runner of one of the castings of each 
heat. After measuring Brinell hardness, the 1.2 in. 
diameter test bars were machined to standard 0.505 
in. diameter, 2 in. gage length, threaded tensile 
bars and tested for tensile strength. 


RESULTS AND DISCUSSION 


All bar and plate gray iron castings appeared 
sound visually and radiographically. No draws or 
sinks were detected by close examination of all 
surfaces, and normal pattern shrinkage was obtained 
(somewhat smaller shrinkage on heat 1 than on 
heats 2, 3 and 4). Radiographic examination failed 
to reveal any internal shrinkage defects in any cast- 
ing. Typical radiographs of sections from the sound 
1x1 in. and 2x2 in. bars and | in. strip cut from 
the semicircular plate are shown in Fig. 2. Some 
surface roughness was found on the cope surface 
of the plate casting, but this was attributed to sand 
failure. 

No evidence of shrinkage defects of any type was 
observed on the etched slices from the bar and 
plate sections. Soundness of these etched sections is 
indicated in Figs. 3 and 4. It is also noted that no 
internal unsoundness was found in any sectioned 
and etched risers, as illustrated in Fig. 5. Risers of 
the low carbon equivalent irons were sunken at the 


TABLE 2— CHEMICAL COMPOSITION AND TEMPERATURES OF HEATS 














*Carbon Equivalent =%C+ 1% (% Si+ % P). 


Final Chemical Composition Avg. Temp., F 
Holding- Ladle 
Cc, Si, S, ¥. Mn, Cr, Ni, Mo, CE., Cupola Ladle Pour- 
Heat No. % %o %o %o %o % __% %o % Tapping _ Tapping ing 
1 (not inoculated) 3.44 192 0.134 0077 072 008 016 005 4.11 2800 2660 2520 
2 (inoculated) 3.26 156 0.120 0.057 065 013 +022 0.07 3.80 2750 2650 2550 
3 (inoculated) 3.28 162 0099 0062 064 002 007 003 3.84 2770 2690 2543 
4 (inoculated) 2.91 1.00 0.06 0.055 048 O11 0.16 006 3.26 2700 2620 2480 




















Fig. 2 — Typical radiographs of sections about 24 and 42 in. from riser 
end. Top, 1 in. thick by 60 in. long plate from heat 1; center, 1 x 1 x 60 in. 


long bar from heat 1; bottom, 2 x 2 x 60 in. long bar from heat 4. 


top; the higher carbon equivalent irons had slightly 
dished or flat tops, or in some cases exhibited 
slight exudations. 

Results obtained for heats 1 and 3 included 1 x 1 x 
60 in., 2 x 2x 60 in. bars and | in. thick 60 in. radius 
semicircular plates. The 2x2 in. bar broke out of 
the mold on heat 2 and was not available. The plate 
casting was not poured on heat 4, and the | x | in. bar 
was white iron for this high strength composition 
even though inoculated. For this reason, only the 
2x 2x 60 in. bar in heat 4 and the 1 x 1x 60 in. and 
] in. thick plate in heat 2 were tested. 


GRAY IRON SELF FEEDING 


It is indicated by these results that, when gray 
iron is cast in a rigid mold, the self feeding pro- 
duced by the graphite eutectic expansion is suf- 
ficient to comply with feed metal needs, provided 
a riser is available to satisfy the initial liquid and 
solidification contraction requirements. The amount 
of liquid contraction will depend on the super- 
heat, and the solidification contraction is determined 
by the carbon equivalent. In this investigation, how- 


ever, the conclusions on effective self feeding can 
be made for a range of chemical compositions from 
3.26 to 4.11 per cent carbon equivalence, as shown 
by the analysis in Table 2. 

Apparently, the feeding distance of adequate gray 
iron risers for uniform, simple shapes poured in 
rigid molds is unlimited for all practical purposes. 
The long lengths of 60 in. are sufficient to com- 
pletely remove any thermal gradient from the riser 
end of the casting over most of the length. Under 
these conditions, the riser could not be expected to 
provide feed metal over the entire length, and the 
casting soundness must be attributed to the self 
feeding of the iron. This condition, however, would 
be greatly influenced by expanding green sand 
molds. 

Results of the longitudinal hardness survey at the 
center of slices in bars and of strips in plates are 
presented in Table 3. Hardness at different sec- 
tions provides confirmatory evidence of temperature 
gradients that existed at different points along the 


length during solidification and cooling of the cast- 


ing; the high Brinell readings indicating a rapid 


Fig. 3 — Etched transverse slices from bars. Top, 1 x 1 x 60 in. bar; bottom, 2 x 2 x 60 in. bar. 
Distances from riser end of bars, left to right, 1 in., 12 in., 24 in., 36 in., 48 in. and 59 in. 











Fig. 4— Typical etched longitudinal section from a plate 1 in. thick and 
60 in. long. Section taken from about 24 in. to 42 in. from riser end. Heat 3. 


rate of cooling and vice versa. As anticipated, hard- 
ness readings at the riser end are the lowest indicat- 
ing slower cooling rates, and those at the chilled 
end are the highest because of the rapid rates of 
cooling at these locations. The central section of the 
bars shows only small variations because of their 
uniform cooling rates. Higher hardness zones at the 
outside of the plates are not as pronounced as in 
the bars. 


Fractures of the chill wedges from different heats 
are shown in Fig. 6. Brinell hardness, tensile 
strength, depth of chill in chill wedge fractures 
and tendency toward draws in risers are summar- 
ized for each heat in Table 4. As might be ex- 
pected, all of these properties increase with decreasing 


carbon equivalent; inoculation decreases the chilling 
tendency. 


CONCLUSIONS 


1. Feeding distance, of adequate risers on simple, 
uniform sectioned gray iron castings of all un- 
alloyed, hypoeutectic gray iron cast in rigid molds 
is unlimited. 

2. Appearance of the risers in this investigation 
confirms the fact that some riser volume is nec- 
essary to compensate for liquid shrinkage in cool- 
ing from the pouring temperature to liquidus 
temperature and the solidification contraction ac- 
companying the austenitic dendritic solidification. 
The amount of solidification contraction increases 
as the carbon equivalent decreases. 


5 — Sectioned and etched risers. 
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TABLE 3— BRINELL HARDNESS READINGS AT VARIOUS LOCATIONS IN CASTINGS 





Brinell Hardness 

















At 1 ft from 2 ft from $ ft from 4 ft from 1 in from Chill 
Heat No. Casting Riser Riser Riser Riser Riser End of Casting 
l 1 x lin. Bar 167 183 175 183 183 196 
2x 2in. Bar 166 170 170 174 174 179 
1 in. Thick Plate 131 163 163 160 146 156 
2 1x lin. Bar 202 217 217 229 229 255 
1 in. Thick Plate 170 175 179 179 183 187 
3 1x lin. Bar 207 212 217 217 223 228 
2x 2in. Bar 183 212 192 192 192 202 
1 in. Thick Plate 170 166 168 183 186 183 
4 2x 2in. Bar 207 207 217 217 207 255 
TABLE 4— COMPOSITION, CHILL TEST AND MECHANICAL PROPERTY DATA 
Carbon Tensile Depth of Chill 
Equivalent, Brinell Strength, in Chill Wedge, Dish in Top 
Heat No. % Hardness Ib/sq in. in. of Riser 
1 4.11 171 29,100 Vig Only in plates 
2“ (Inoculated) 3.80 213 38.150 \% None 
3 (Inoculated) 3.84 196 34,950 K% Only in plates 
48 (Inoculated) 3.26 247 46,100 Few Gray Spots In bars 


4 — No plate cast in heat 2. 
8 —1x 1 in. bars were white; no plate cast. 


somewhat low in some cases. 


Nore: The tensile strengths are somewhat low because the 1.2 in. diameter bars were oversize, and the manganese content was 




































INCLUSION IDENTIFICATION IN 


MAGNESIUM ALLOY CASTINGS 


ABSTRACT 


Three types of inclusions found in EZ33A and 
ZH62A magnesium alloy castings were examined by 
radiographic, metallographic, x-ray diffraction and 
spectrographic techniques. The results showed that the 
inclusions of the first type were caused by entrained 
sand grains, those of the second type by iron-zirconium 
compounds and those of the third type by aluminium- 
zirconium compounds. 


INTRODUCTION 

This investigation was initiated to identify three 
types of inclusions found in EZ33A and ZH62A! mag- 
nesium alloy castings at the request of a foundry 
which produces light alloy castings mainly for the 
aircraft industry. Radiographic inspection of certain 
castings revealed the presence of two of the types of 
defects to be described, and uncertainty as to the 
nature and effects of the inclusions had resulted in 
the rejection of a number of pieces. 

Inclusions of the first type were found only to a 
small extent in small and medium sized castings, and 
usually occurred in pieces weighing several hundred 
pounds before fettling (cleaning). They were fre- 
quently found near drag surfaces of the castings and 
in the vicinity of gates. 

Inclusions of the second type were found in castings 
of all sizes, and were not limited to particular regions 
of the castings. Their appearance in radiographs dif- 
fered from that of the Type | inclusions, but was 
similar to that of the Type 3 inclusions. Type 3 inclu- 
sions were included in the investigation mainly to 
make clear the differences in their composition and 
origin from Type 2 inclusions. They are only likely to 
be encountered in castings in. which exothermic com- 
pounds have been employed. 


PREVIOUS WORK 


A brief literature survey showed that Emley,? in the 
course of an investigation of magnesium alloys con- 
taining zirconium, had observed inclusions which he 
termed “ring nebulae” from their radiographic resem- 
blance to photographs of this phenomenon. These in- 
clusions were sometimes associated with lamellated 
constituents. He also noted other complex and lamel- 
lated inclusions, comprising zirconium-silicon com- 
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pounds and Mg,Si, which were found in some cases to 
be caused by reaction of the alloys with a boric acid- 
French chalk (3MgO*4SiO,*H,O) mold dressing. In 
other cases these inclusions may have been caused by 
reaction with loose particles of molding sand. 

In a recent paper Bergstrom and Bassett? describe 
defects in HK31A alloy castings which are evidently 
similar to the Type | inclusions. Although it is be- 
lieved that the mechanism proposed in the paper for 
the formation of the inclusions is incorrect, the paper 
gives interesting information regarding their effects on 
room and eleyated temperature tensile properties. 
The results were summarized by Bergstrom and 
Bassett as follows: 


“The condition of spherical and angular segrega- 
tion has the effect of reducing ultimate tensile 
strength and per cent elongation at both room and 
elevated temperature. Room temperature testing of 
specimens with heavy segregation showed an average 
loss in ultimate tensile strength of 15 per cent, and 
a loss in per cent elongation of 37 per cent. The 
average 500 F ultimate tensile strength and elonga- 
tion values of all specimens with spherical and 
angular type segregation were found to be 7 and 58 
per cent, respectively, lower than observed in the 
normal samples.” 


The angular segregations mentioned above were not 
observed in the present work. 


TYPE 1 INCLUSIONS 


Radiographic Examination 

The appearance of a typical group of the inclusions 
is shown in Fig. | which is an enlargement from ra- 
diographs taken in two perpendicular directions of 
part of an EZ33A alloy casting. The upper print shows 
the concentration of the inclusions near the drag sur- 
face of the casting. Comparison of the two views 
shows that the defects are roughly spherical. 

It will be seen from Fig. 1 that the boundary of 
each inclusion appears to be a shell which is compar- 
atively opaque to x-rays, while the center of the inclu- 
sion is somewhat less opaque to x-rays than the bulk 
of the alloy. The inclusions appeared to be similar to 
those described by Emley.? 


Visual Examination 
Defects near the drag surfaces of EZ33A and ZH62A 
alloy castings were revealed by grinding off a small 
amount of the surface metal. 
Each defect was visible to the unaided eye as a 
black speck surrounded by a roughly circular, light- 








Fig. 1 — Radiographs taken in two perpendicular direc- 
tions of a section of an EZ33A alloy casting. The shape 
and distribution of the inclusions are shown. The lower 
edge of the upper illustration is the drag surface of 
the casting. 2X. 


colored zone bounded by a darker ring. Figure 2 shows 
these features at low magnification. At higher magni- 
fications the defects were usually seen to contain one 
or more transparent crystalline particles associated 
with colonies of eutectic-like structure (Figs. 3 and 4). 
The boundary of the light-colored zone was seen to 
consist of a ring of particles. 

Early in the investigation the appearance of the 
transparent crystalline particles suggested that they 
were the remains of sand grains which had reacted 
with the melts, and this was supported by the observa- 
tions of Emley.? 


Preparation of Synthetic Inclusions 


In order to obtain rapid confirmation that silica 
sand particles were responsible for the inclusions, 
quartz crystals were added to small melts of pure mag- 
nesium and various magnesium alloys. The metal was 
kept molten and in contact with the quartz (without 
stirring) for a tew minutes and then slowly cooled. Ex- 
amination of sections from these melts showed struc- 
tures exactly analogous to those of the inclusions. 

Pure magnesium reacted to give the characteristic 
eutectic-like structure found in the original speci- 
mens, but the boundary of the affected zone was not 
marked by a band of particles as in the original cases. 
The inclusions in pure magnesium were denser to 
x-rays than the matrix (probably owing to the low 
x-ray density of pure magnesium) and there was no 
opaque shell. 

Quartz crystals reacted with KIA, (Mg-0.6 per cent 
Zr alloy), HZ32A, EZ33A and ZH62A alloys gave the 


structures shown in Figs. 7 to 9. These are simila: ‘o 
the original defects such as are shown in Figs. 3 to 5. 
The radiograph of a synthetic inclusion in HZ: \ 
alloy showed the presence of an opaque shell simi ir 
to that found in the original inclusions. 


Identification of Reaction Products 


Metallographic Examination. Examination of sec- 
tions of the original and the synthetic inclusions (Fi.s. 
3-9) showed that the eutectic-like structure associated 
with the silica particles was made up of two phases 
which usually occurred in the form of alternate, pa: al- 
lel lamellas, but sometimes in more complex patterns. 

One set of lamellas was blue-grey and the other 
brown. Farther from the silica crystal the blue-grey 
constituent tended to form massive crystals, and its 
place between the brown lamellas was taken by mag- 
nesium solid solution. The appearance of the blue- 
grey constitutent suggested that it was magnesium sili- 
cide (Mg,Si). The brown lamellas tended to break 
away from the immediate boundary of the silica par- 
ticle in the form of islands or colonjgs. Presumably, 
these lamellas are MgO from the reaction 


4 Mg + SiO, ** Mg, Si + 2 MgO 


The identity of the band of particles which made up 
the boundary of the reaction zone in the original, and 
in the synthetic inclusions (except those in pure mag- 
nesium), could not be determined by metallographic 
examination. 

X-Ray Diffraction Examination. A sample from 
an EZ33A alloy casting, which was shown to contain 


inclusions by radiographic examination, was dissolved 
in dilute hydrochloric acid and the insoluble residue 
filtered and drig¢d, This residue was seen to contain a 
number of small transparent crystalline particles, and 
these were removed. Analysis by x-ray diffraction 
showed them to be a-quartz, which would be consis- 
tant with their being the remains of entrained sand 
grains. 

Owing to the small size of the inclusions, direct iden- 
tification by x-say diffraction, in situ, was difficult 
and revealed only magnesium and magnesium oxide. 
In order to obtain a workable amount of reaction 
products a large piece of quartz was immersed for 
about 15 min in a small volume of molten magnesium. 
A sample taken from the large amounts of reaction 
products thus obtained was shown to contain, in addi- 
tion to unreacted silica and magnesium, magnesium 
oxide and magnesium silicide (Mg,Si). 

Spectrographic Analysis. A large synthetic inclu- 
sion in HZ32A alloy was polished and a microvol- 
ume traverse* was made across it. In this spectro- 


Fig. 2 — Inclusions near the drag surface 
of part of a ZH62A alloy casting. Un- 
etched. 7X. 














grapliic analysis technique a small diameter spark is 
mo. across the specimen to be analyzed (in this case 
an i:clusion) at a known constant speed, and the re- 
sultant spectrum is recorded on a plate which is also 
mov:ng at a known constant speed. Variations in con- 
cent: ation of elements in the specimen result in vari- 
ations in intensity of the spectral lines recorded on 
the plate. 

The intensities of certain lines for silicon, zirco- 
nium, zinc and thorium (Si 2881, Zr 3438, Zn3345 
and Th 2978) were measured. Using the magnesium 
line 2781 as a standard, the intensity ratios of zirco- 
nium, zinc and thorium to magnesium were calculated 
using the element/magnesium ratio in the unreacted 
alloy as unity. As there was no silicon in the matrix, 
the silicon/magnesium ratio about | mm inside the re- 
action zone of the inclusion was taken as unity. The 
results were plotted against distance traversed, and are 
shown in Fig. 10. 

It will be seen that marked segregation of zirconium 
and thorium has occurred, which has resulted in a 
high concentration of these elements at the boundary 
of the inclusion. The concentration of silicon begins 
to rise immediately inside the inclusion. There is some 
evidence that the zinc is segregated, but this is less def- 
inite than in the case of the other elements. 

In the curves for zinc, zirconium and thorium the 
troughs between the peaks occur because the central 
region of the inclusion is occupied by a silica particle. 

The results of spectrographic analysis strongly sug- 
gested that the shell round the inclusions (which was 
opaque to x-rays) was composed of compounds of 
zirconium, thorium and possibly zinc, with silicon and 
magnesium. The results also confirmed that the silica 
particles had reacted with the molten alloy, although 
they did not, of course, indicate the precise nature of 
the reaction products. 


TYPE 2 AND TYPE 3 INCLUSIONS 
As mentioned previously, the Type 2 inclusions 
were observed in radiographs of commercial EZ33A al- 
loy castings. Type 3 inclusions were found near risers 
in which exothermic sleeves had been used. 


Radiographic Examination 

In radiographs, inclusions of Types 2 and 3 were 
similar. They both appeared as clouds of various di- 
mensions and shapes, and were both denser to x-rays 
than the matrix. Figure 1] shows inclusion clouds in a 
production EZ33A casting. Figure 12 shows Type 3 in- 
clusions found in a riser having an exothermic sleeve 
(EZ33A alloy). 


Visual and Metallographic Examination 

Unlike the Type 1 inclusions, those of Types 2 and 
3 could not be seen by the unaided eye. In polished 
sections at high magnification the inclusion clouds 
were shown to be made up of particles (Figs. 13 and 
14). It will be seen that there is a close similarity be- 
tween the two types of inclusions. 


Spectrographic Examination 
Samples of Type 2 and Type 3 inclusions were ex- 

amined by the spectrographic microvolume traverse 

technique outlined earlier. 

The results (shown in Figs. 15 and 16) are plotted 





Fig. 3 — Inclusions in EZ33A alloy casting. The dark 
areas are the transparent crystalline material (SiO2). 
The dark gray areas are the lamellar constituents, and 
the boundary zone consists of small particles which are 
probably compounds of silicon and zirconium and rare 
earth metals. Unetched. 50. 





Fig. 4— Inclusions in ZH62A alloy casting. The 
silica particles are gray (transparent in the original) 
and are surrounded by dark lamellar regions (lamellas 
not resolved, in most cases). The lighter lamellar con- 
stituent (brown in the original) occurs farther from 
the silica particles, and in some cases has broken 
away in the form of islands. Unetched. 50. 
























Fig. 5— Inclusion in ZH62A alloy casting at higher 
magnification to show formation of lamellas at the sur- 
face of the SiO2 crystal (black). The dark lamellas 
(brown in the original) are thought to be MgO, and 
the light gray lamellas (bluish gray in the original) are 
thought to be MgeSi. Farther from the SiO2 crystal 
(light gray) massive Mg»Si crystals have formed and 
islands of MgO lamellas are breaking away. Unetched. 
750X. 





Fig. 6 — Part of the boundary region of an inclusion 
in a ZH62A alloy casting showing particles (probably 
compounds of silicon and thorium and zirconium). Un- 
etched. 750. 


as intensity ratios iron/magnesium and aluminum/ 
magnesium, respectively. They could not be conven- 
iently expressed as concentration ratios relative to the 
concentration ratio in the matrix, because the inten- 
sity of the iron and aluminum lines in the matrix was 
too low. 

In the Type 2 inclusions the only elements found at 
levels above those in the matrix were iron and zirco- 
nium. Figure 15 shows the variations in the intensity 
ratios of iron/magnesium and zirconium/magnesium, 


Fig. 7 — Unetched. 


Fig. 8 — Unetched. 


and it will be seen that there is a distinct para)! 
ism between the two curves. 

From this evidence it seemed probable that 
Type 2 inclusions were particles of an iron-zirconii: 
compound. To confirm this, a zinc-5 per cent iron 
loy was added to a melt of EZ33A alloy. Examinati 
of a polished section showed particles similar to th: 
found in the original specimen. The radiographic . 
pearance was also similar to that of the original sa 
ple mentioned above. 

The results of the microvolume traverse on a groiip 
of Type 3 inclusions are shown in Fig. 16. In this case, 
aluminum and zirconium were the only segregated cie- 
ments. Although the curves for the two elements cid 
not correspond as closely as in the case of the Type 2 
inclusions, it seemed reasonable to conclude that the 
Type 3 inclusions were particles of an aluminum-zirco- 
nium compound. 


DISCUSSION AND CONCLUSIONS 


Type 1 Inclusions 

The experiments and examination described, taken 
with the observations of Emley,? led to the conclusion 
that the inclusions were caused by entrained sand 
grains which had reacted with the melt. These prob- 
ably came from those parts of the mold surface over 
which there was a considerable flow of metal, for ex- 


Figs. 7-9 — “Synthetic” inclusion HZ32A alloy. 
Figure 8 (c.f. Fig. 5) shows the formation of 
lamellas at the surface of the quartz crystal, and 
Fig. 9 (c.f. Fig. 6) shows particles in the boundary 
region. 


Fig. 9 — Unetched. 
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*The Magnesium line, 2781, is used as a standard, calculat- 
ing the zirconium, zinc and thorium ratios to magnesium 
using the element/magnesium ratio in the unreacted alloy 
as unity. 


Fig. 10 — Curves to show the variation in concentra- 
tion of silicon, zinc, zirconium and thorium across a 
“synthetic” inclusion in HZ32A alloy. Determinations 
were made by spectrographic microvolume traverse. 


ample the gating system. As noted in the introduction, 
the inclusions were observed mainly in large castings 
in which a large volume of metal would pass into the 
mold. Another factor which might lead to loose par- 
ticles of sand in the mold is disturbance of the mold 
after it is made such as, for example, during the plac- 
ing of steel wool for skim gates. 

Much of the work reported above was done to de- 
termine the nature of the products of the reaction of 
silica with the melt. The probable initial reaction is: 


4 Mg + SiO, ** 2 MgO + Mg,Si 


The Mg,Si and MgO are formed in alternate layers 
at the silica/melt interface. Farther from the silica 
particle the Mg,Si forms massive crystals. The MgO 
lamellas remain in islands, the individual layers be- 
ing separated by magnesium solid solution. 

In alloys containing zirconium, zirconium-silicon 
compounds form a shell around the inclusions. This 
shell, which is relatively opaque to x-rays, gives the in- 
clusions their characteristic appearance in radio- 
graphs. Rare earths and thorium also seem to be seg- 
regated in the outer shell, possibly in the form of 
compounds with silicon. 

As far as is known, the sand inclusions surrounded 
by reaction products have only been observed, in prac- 
tice, in castings made from alloys containing zirco- 
nium. This may be because castings which are subject 















































Fig. 11 — Radio- 
graph of Type 2 in- 
clusions in a com- 
mercial EZ33A 
casting (actual 
size). 





Fig. 12 — Radiograph of Type 3 inclusions in the riser“ 
of an EZ33A casting. An exothermic sleeve was used in 
the riser (actual size). 
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Fig. 13 — Type 2 inclusions in an EZ33A alloy casting. 
Unetched. 1000. 











Fig. 14 — Type 3 inclusions in an EZ33A alloy casting. 
Unetched. 1000. 


to radiographic examination, and which are large 
enough to produce the necessary sand wash condi- 
tions, are normally made in alloys containing zirco- 
nium; or possibly because the inclusions are less obvi- 
ous in radiographs when the opaque shell of zirco- 
nium (and possibly thorium and rare earth) com- 
pounds is not present. It should be noted that, under 
certain conditions, similar inclusions could occur in 
any magnesium alloy. 


Type 2 Inclusions 


Type 2 inclusions are thought to be particles of an 
iron-zirconium compound. The source of the iron was 
not determined but it must presumably be introduced 
during or after pouring, because if it were introduced 
in the crucible the iron-zirconium particles would have 
time to settle to the bottom of the melt. One possible 
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Fig. 15 — Results of a microvolume traverse across a 
region of an EZ33A alloy casting containing Type 2 
(iron-rich) inclusions. Note the close parallelism of the 
iron and zirconium curves. 


source is the steel wool filters which are used in soi: 
gating systems. 

The effects of Type 2 inclusions on mechani: 
properties were not investigated. An indirect effect, 
severe cases, would be the reduction of the zirconiu::; 
content of the melt leading to coarsening of the gra 
size. 


Type 3 Inclusions 


Type 3 inclusions are probably aluminum-zirconiu:)) 
particles produced by the reaction of aluminum (fro:;; 
exothermic compounds) with the melt. They are oni, 
likely to be found when these compounds are use!. 
Again, in extreme cases, there could be a loss of zi: 
conium which might result in grain coarsening. Th« 
direct effect of the Type 3 inclusions on mechanica! 
properties was not investigated. 
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Fig. 16 — Results of a microvolume traverse across a 
region of an EZ33A alloy casting containing Type 3 in- 
clusions. There is a definite relationship between the 
aluminum and zirconium curves, but this is less pro- 
nounced than for the Type 2 curves. 


























ABSTRACT 


Management should inform its foremen of the goals 
of a cost control system in a positive manner, and in 
a language understandable from their point of view. 
Only those costs which are the foreman’s responsibility 
should be relegated to him. These expenses are 
collected over a sufficient period of time, and a budget 
allowance set. A running graph showing the extent 
the actual costs approached the set goals is made from 
data collected. These charts can be put to various 
uses, such as at meetings, as long as the information 
can be related to the goals in operation. This overall 
approach to the problem of cost control, and how it 
can be related to the individual operations in the 
foundry, is presented by the author. 


INTRODUCTION 


Millions of people go to work as employees to earn 
a living; to earn a return on the investment of their 
time, talents and efforts. They know that they will re- 
ceive a guaranteed minimum return for each hour 
they work on their job. 

Some people invest in a business which creates such 
employment to earn a living; to earn a return on the 
investment of their savings. However, they are not 
guaranteed a minimum of return for each hour the 
employees work. They receive a return only if the costs 
of operating the business average less than what the 
business receives in return from its customers. 

Of course, they do not invest unless it has been 
shown that such a return is likely. 

Thus, the people who invest in the business must 
rely on the people for whom they furnish employment 
to maintain costs at a level which yields a return from 
the customers. If costs are not so maintained the busi- 
ness fails, and employees as well as investors lose their 
source of income. 


COST MAINTAINING RESPONSIBILITY 


This is putting it simply. The point is that it takes 
people to create and to continue a business. It is not 
only a résponsibility but a necessity that all of the 
people involved in the operation of a business take 
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an active interest and part in maintaining costs at a 
level that will yield a return. 

Instilling such an understanding and active interest 
on the part of all those in a business is the great chal- 
lenge and opportunity of management. 

Consider the impact on the foundry industry today 
if the approach of all those in a particular business 
were the putting forth of their best and conscientious 
efforts. This is no Utopian idea, nor is it an impossible 
goal. There are plants where this is being realized. 


NEED FOR COST SYSTEM 


Today’s approach to controlling costs in the foundry 
can and must be through those on the production line 
where the costs are being created, at the minute they 
are being created. 

To accomplish this a Cost Control System is needed. 
It is not the structure or the mechanics of this system 
that counts, it is the philosophy of the system that de- 
termines its success. A system, as such, cannot control 
costs; only people can. The key is to build a system in 
terms of, and in a manner to inspire, the people re- 
lied on to make it work. 

Management many times is trapped into assuming 
the job of managing, directing, disciplining and con- 
trolling; they believe they are running the business. 
Management is wrong if they do not realize it is their 
responsibility to guide, to lead and to set up conditions 
whereby all those in the business feel they have a per- 
sonal responsibility and opportunity to take an active 
part in running it. 


MANAGEMENT’S RESPONSIBILITY 


Anything from a modest do-it-yourself cost control 
system to the most comprehensive and professional 
system can be used in the foundry. It is up to manage- 
ment to bridge the gap between the system and its ap- 
plication—the actual controlling of costs in the plant. 

A “system” is a dead, static thing. It is usually in 
the form of a statistical writeup including exhibits, 
forms and impressive functional, organizational and 
flow charts. The controlling of costs in the foundry 
can be a success if its book is in terms of the people 
who will live it, and if it is taught in their terms with 
a positive, encouraging approach. Men resent controls, 
but aspire to understandable and attainable goals. 


Managers say, “Certainly, we resent controls and we 
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aspire to goals; but whether they resent it or not, the 
foremen’s and operators’ costs must be controlled if 
we are to reach our profit goal.” True. However, it 
would be better to say, “One of our goals is to success- 
fully show the way, and help the foremen and opera- 
tors keep their costs under control.” 


PRODUCTION LINE CONTROL 


Management must define the costs which are ac- 
tually within the power of the foremen and operators 
to control on the production line. It must be realized 
that there can be times when a foreman or all fore- 
men are doing a splendid job of controlling costs that 
are within their power to control, but the company 
may be experiencing a loss. 

Management’s approach is negative and not condu- 
cive to continuing good morale if, during such times, 
the trouble appears to be laid at the foremen’s door- 
steps; or, if, during good times, credit is given only to 
superlative sales or administration efforts. 

Foremen are generally aware of the effects of vol- 
ume variance on the company’s constant costs, of 
terms like depreciation and burdens, of the pressures 
resulting from increasing operators’ wages and benefits 
and of the rigors of competition for work during re- 
cessions. These and similar terms and pressures occur 
in a larger sphere around and beyond the boundaries 
of their direct responsibilities or abilities to control. 

It may be wise to inform the company’s foremen of 
these management cost factors to the extent that fore- 
men are trained as department managers. Such factors 
cannot be included in a system for controlling costs in 
the shop as they are not controllable by the men in 
the shop, and are in large measure beyond their un- 
derstanding. Inclusion of constant and semi-constant 
costs in a control system would put these men on the 
defensive. 


FOREMAN’S RESPONSIBILITY 


The factors that should be included in a fore- 
man’s responsibilities for control are: 


1) Control of the production of his department's 
product. 

2) Control of the quality of that product. 

3) Control of his department’s costs associated and 
reasonably variable with the production of that 
product. 


Flexible Costing System 


These are terms of a standard flexible budget cost- 
ing system. In such a system there is an opportunity 
for control of “in foundry” costs. So, when a depart- 
ment is mentioned here, it is thought of as a Cost 
Center. When a department’s product is mentioned, 
the words “process” and “service” are included. 


A foreman usually thinks of his product as numbers 
of molds of different part number castings, cores for 
different jobs, pounds of metal converted to a certain 
analysis, castings chipped and ground, etc. In fact, 
most of us think of the operation in terms of castings 
or parts or treatments of castings. 





For this reason, when shop people are.spoken to in 
terms of Quality Control and Production Contr! 
there is no problem of communication. These are rei, 
functional and immediate terms for them as are terins 
of understandable fixed units of measurement as cold 
shuts, shifts, pounds, carbon contents, number of cores 
or molds, per cent scrap, etc. 


TIMELESS MEASUREMENT UNITS 


These units of quality and production measurement 
are timeless. Historical, present or projected data re- 
quire no interpretation, qualification or other men- 
tal gymnastics for clear understanding. They can read- 
ily be seen, reported and charted. They are of the sub- 
stance, and familiar media, of the life and work of the 
foremen and operators. For these reasons, the mainte- 
nance and improvement of quality and production 
control systems are not difficult to accomplish. They 
are in terms of the people affected by them, and the 
results are visual and immediate. 

It has been demonstrated over and over again in 
foundries that these systems can be a success when they 
are applied in the spirit of striving for attainable goals. 
Foundrymen are motivated first by pride of accom- 
lishment. American men have created the high stand- 
ard of living through an inner aggressive competitive 
drive to make a good thing better. 


POSITIVE APPROACH 


Shop Concerns 


This is the positive approach, the challenge, the 
personal and attainable target. Let us consider these 
words “personal” and “attainable.” The melter is per- 
sonally concerned most with the quality and quan- 
tity of his department's product, metal. The core fore- 
man is concerned most with cores. The welding fore- 
man is concerned most with repairs. They strive for 
quality and production goals directly related to those 
personal concerns when those goals are understandable 
and reasonably attainable with the tools and condi- 
tions of their departments. 

This reality of the continuing and spirited striving 
for improvement of quality and production in found- 
ries is something in which the shop takes a great deal 
of pride. Quality control and production control sys- 
tems are successful working tools of the technical and 
operating men. 


Management's Cost System 


Management's cost control system can be such a tool 
if it is founded on the same principles and philoso- 
phies. 

Profit is management's product. Profit, if it is a 
product, is a result. A result can be planned. Pre- 
viously it was said that people invest in a business 
when it has been shown that a return is likely or 
planned. This means, the return will occur if nothing 
goes wrong with the plans or, as in the management 
function, if manufacturing costs as planned are not 


exceeded. 



























T nis brings management's goal one step closer to the 

ile in the shop—the holding under control of 
planned manufacturing costs. What does this mean? 
How can we express this portion of management's 
goais as understandable, attainable and personal 
goals for the foremen? 


A Ditferent Approach 


What may be a different approach may be the key. 
Stand in a shipping department and watch a day’s 
production of castings being grouped and shipped. In 
any foundry, and especially a job shop, this collec- 
tion of many different sizes, shapes and analyses of 
castings being produced for a number of different cus- 
tomers could convince anyone that business is tremen- 
dously complex. Most everyone could consider it im- 
possible to even know, much less control, the manu- 
facturing costs of producing each individual casting in 
such a collection. 


Do not look at it in this way. Look at the castings 
as one assembly of the basic products of the plant's 
departments—pounds of converted metal as one lump, 
units of core making, units of molding and units of 
cleaning as one summary collection of each. If there 
are ten production departments, look at them as totals 
of ten different items. 


DEPARTMENT MEASUREMENTS 


Each foundry department produces a basic casting 
ingredient. Each ingredient can be defined and ex- 
pressed as a unit of measure of the function of the de- 
partment. In melting, it can be pounds converted; in 
the sand department, it can be tons of core material 
prepared; in a production department (as squeezer 
molding), it can be standard time units of molding. 
For labor, standard time units can be used as measured 
by standard data. 


These units may also be direct hours, or any other 
measure for which the method of measurement is con- 
stant. That is; the unit of measure must be timeless 
—a direct hour was, is and will always be 60 min; a 
standard hour is always 60 min; a pound of metal a 
pound; a ton a ton; etc. 

This requirement is important. Past present and fu- 
ture controls on such units remain in focus and re- 
tain their usefulness. If the units were expressed in dol- 
lars, data based on such monetary units would have 
to be converted or interpreted in some manner to a 
control period. Monetary units cannot be used to fur- 
nish a foreman a continuous, direct, easily understood 
measurement of his efforts to control his department's 
costs. 

Analysis in terms of money is a function of manage- 
ment, and is not Within the scope of the foreman’s 
responsibility to compare over periods of time. 


JOB ESTIMATION 


Let us consider this approach from the other end, 
starting with the blueprint of a casting. The job is 
estimated first in terms of amounts of the units of 
measurement of departments; the usage of as much 
(lepartmental production as is practicable. However, 
how many different departmental units of measure- 
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ment are used in estimating the job? That is the num- 
ber of different units assembled in a day’s shipments. 

Should the job be received with an approval of the 
samples, and prove out production methods, the ac- 
tual number of units to be allowed each department 
involved to produce one casting is then determined. 
These are the casting’s “predetermined unit allow- 
ances.” 

Consider the predetermined units allowed for 
squeeze molding a one cavity mold on one pattern. 
These units will be joined with predetermined units 
allowed for squeeze molding other part numbers pro- 
duced in the department. The total of such prede- 
termined allowed units per hour, day, week or month 
will be the measure of the salable effort of the depart- 
ment for those periods. It makes no difference what 
particular patterns the total units came from so far as 
controlling departmental cost of each and all of those 
units is concerned. 


PREDETERMINED ALLOWANCES 


Thinking in terms of a department’s predetermined 
unit allowances rather than individual patterns are 
correct, direct and understandable measures of the de- 
partment’s work. This is the simple approach to con- 
trolling the department’s variable costs. Cost problems 
are experienced by departmental type or class of work 
rather than by individual pattern numbers. 

Once it has been decided to compare costs in a de- 
partment according to production of its predetermined 
units of measurement, the rest is comparatively simple. 
For each department, expenses are defined as reason- 
ably controllable by that department's supervision. 
This should vary directly with the production of its 
units of measurement. 


Cost Control Terms 


Express these expenses in “timeless” terms. For ex- 
ample: 


1) Labor in terms of actual hours classified as direct, 
setup, allowed, delay, overtime allowance or any 
other category it is felt necessary to control. 


2) Services from other departments in terms of their 
a. 


unit of measurement as direct or standard hours. 


3) Waste items as makeup and plus-predetermined 
allowances as actual hours. 

4) Supplies in physical terms as much as practicable. 
Usually, this applies to major items like electrodes, 
large grinding wheels or cubic feet of oxygen. 
Other supplies included may have to be grouped 
and expressed in terms of dollars. It is not sug- 
gested that shovels be listed as shovels, or parting 
bags as parting bags. 


The important thing is to keep these expressed in the 
foreman’s everyday language. 


BUDGET ALLOWANCE 


Collect these expenses over a sufficient period of 
time, and then, with the foremen participating, set 
up a budget allowance of each such expense per the 
department's unit of measurement. These budget al- 
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lowances are then his understandable and attainable 
goals. These goals rise and fall directly with the level 
of the department's salable production. 

For any chosen period, multiply the predetermined 
allowed units produced by the budgeted allwance per 
such unit for each expense and you have the goals. 
By daily reports, collect the actual usages for each ex- 
pense, update them for the period, and compare the 
actual totals to their budgeted goals. Any differences 
are usually called plus or minus variances. The extent 
to which the actual costs approached the goals, vari- 
ances or any other function explored may be reduced 
directly to always comparable percentages. It is then 
simple to chart these percentages on a running graph. 


COST GRAPHS 


Thus, a foreman’s accomplishment in cost control 
has been related pictorially, and he can see his at- 
tainment of cost goals on the graphs as realistically as 
he can see his success in the quality production of his 
department’s product. Of equal importance is the 
fact he understands and trusts these goals. They are 
controllable by him, expressed in his language and he 
helped set the budgets. He knows the goals are a fair 
and true measure of his cost control efforts. 


Cost Graph Uses 


Extensions of his cost graphs can be almost imme- 
diate. They can be made by the day at the beginning 
of a program, although normally they would be made 
at least by each Tuesday for the preceding week. If 
the graphed lines indicate “on the target” for an ex- 
pense, the foreman is automatically at the predeter- 
mined cost. To that extent he has guaranteed a return 
on that portion of the cost of all work performed in 
his department. If the lines are over target, he is los- 
ing; and if under target, he is gaining. Such charts 
have been applied by the author to a single occupa- 
tion, and the operators have responded enthusiastically 
to bring the lines for waste expenses as “delay” onto 
target. 

Another use for these occupational and departmen- 
tal charts the author has made is in weekly meetings 
with a Union Shop Committee. As a group, they be- 
came as effective as a foreman in cutting waste and 
improving performance and morale in the plant. 
There is always that fascination of striving for at- 
tainable goals; this is the real motivation. Increased 
earnings usually follow as a result. 

Departmental variances of like kind totalled hori- 
zontally will yield a consolidated overall picture for 
management. 

This discussion has been only about cost control, 
but it can be seen how sensitively and quickly the 
charts will reflect and encourage cost reduction efforts. 


COST OF SYSTEM 


What about the cost of such a system? Expenses 
must be accurately defined, coded and collected in 
their own measure before they can be converted to 
money for payroll and accounting purposes. Draw 
them off sideways for the controls. Running the 





budgets, variances and graphs is clerical work, 
most of it can be run off by mechanical means. 

This system of cost definition, collection and gr, 
ing of actuals can be pictured as related to goals 
operation. It takes patience, teaching and selling, |. ; 
it is more than worth the effort. However, this ;, 
only the beginning. At this stage the plant is reac, 
to benefit from the system’s greatest potential — ii, 
dividual goals for individual operators. 

The concept of the approach has been based o: 
timeless units as the measure of a department’s salab|« 
production and cost of manufacturing. The depar: 
ment’s total production of units is the collection o/ 
individually set, or standard predetermined, allow- 
ances of these items for each piece of each casting part 
number worked on. In other words, the measure has 
been carried to each direct operator’s work when esti- 
mates have been made, and then the actual allowanc« 
when the job was “gelled.” Thus, the production goal! 
for each experienced operator to attain at a normal 
day rated work pace has been set. Cost goals have been 
brought down to the individual jobs of thé individual] 
operators. 


OPERATORS’ GOALS 


Each operator is guaranteed a minimum return per 
hour worked. This sets the operator cost or budget 
per piece when he hits his day rate goal of units. He 
is credited with all the good units he produced while 
working at or above normal pace; he has a moving 
goal. Thus, as he may increase his effort beyond the 
normal pace, he increases his production of units 
while the salable unit cost for his work remains the 
same. 

Such performarite of the operator is measured in 
terms of the relationship of the actual units he pro- 
duces to the units allowed per actual hour of an ex- 
perienced operator at a normal day-rated pace. If the 
performance is 100 per cent, he is “on target.’’ Oper- 
ator performances should be graphed individually and 
grouped by occupations as goals by the day. Cost con- 
trol-wise, the recording and graphing of such per- 
formances should be graphed individually and group 
formance must be kept and thought of in terms of 
unit and clock time measurements. This keeps them 
comparable over all periods of time. 

However, should management decide to convert 
over 100 per cent performance to additional pay for 
the operator, the effect on his performance and re- 
sulting controlling of costs is obvious. 


CONCLUSION 


The above approach to the controlling of costs in 
the foundry will not result in people coming on their 
jobs just to “make a living.” It is one that will result 
in people coming to their jobs that present them with 
understandable, attainable and immediate goals. Goals 
that present an atmosphere that encourages people to 
work with the zest of making a good thing better. 
Such an atmosphere can only result in greater earn- 
ings for the employees, lower prices for customers and 
an assured return for the investors who make jobs 
possible. 



























PARASHRINKAGE PHENOMENA— 


VEINING, METAL PENETRATION, 


ABSTRACT 

Hot spots are composed of two parts in several sur- 
face-type casting defects —-a volume of molded sand, 
and a volume of liquid at the thermal center. These 
are separated from each other by the mold-metal inter- 
face. Within the thermal center, shrinkage develops. 
Shrinkage derivatives, veining, metal penetration and 
possibly scabbing, may develop because of unsatis- 
factory melt quality within the thermal center. Separat- 
ing the thermal center from the hot spot location 
involves altering of isothermal lines during metal 
solidification. 


INTRODUCTION 


In recent literature discussing surface casting defects 
attributable to the malperformance of compacted sand 
mixtures, there will be found references to volumes of 
molded sand masses at re-entrant angle locations des- 
ignated as “hot spots.” 

It is proposed in the following to enlarge the scope 
of the hot spot by showing that it is composed of two 
immediately adjacent parts. 


Part one. A restricted volume of sand mass whose 
temperature level has been raised above 
that of the surrounding masses and such 
masses may occur anywhere on a mold-metal 
interface. 

Part two. The thermal center of a solidifying mass in 
a casting section. The thermal center of a 
casting section is the last portion of the 
section to solidify. 


It is only when this thermal center (part two) is 
manipulated, naturally or intentionally, so that it 
takes up a position adjacent to the mold-metal inter- 
face, that this center constitutes a part of the hot spot. 
Figure | is a schematic representation wherein the en- 
closed areas depict what in a three dimensional situa- 
tion are the volume portions of the hot spot. 

Brandt, Bishop and Pellini! provide information in 
their Figs. 4 and 10, which when combined illustrate 
for their “L” shape configuration the natural manipu- 
lation of the thermal center toward a location adja- 
cent to the mold-metal interface. It will be noted, in 
their case,’ that the hot spot situation could not have 
developed until solidification had been proceeding for 
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SCABBING, HOT TEARING 
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at least 50 min. Figure 2 (this paper) depicts the iso- 
therms they obtained within the molded mass at 50 
min, and the solid-liquid isotherm existing at the 
same time in the casting section to illustrate the en- 
larged scope of the hot spot. 


THERMAL CENTER 


Due to selective freezing (segregation) within al- 
loys the composition of the molten material remaining 
within the thermal center will vary from that mate- 
rial which has solidified. Also due to segregation, sol- 
uble gases and reactants for gas formation can be 
moved into the thermal center as well as finely divided 
slag particles, oxides, etc. The accumulation of these 
nonmetallic materials in the remaining liquid of the 
thermal center may attain sufficient concentration to 
produce within that liquid mass a “melt quality’? of 
undesirable level — this regardless that in the ladle the 
melt quality may have seemed satisfactory. 

The natural defect to develop at the thermal cen- 
ter, regardless of its location, is shrinkage which will 
be manifested in one of many ways. When the thermal 
center is manipulated into a location adjacent to the 
mold-metal interface at a re-entrant angle shrinkage 
will develop in two ways, as schematically illustrated 
in Fig. 3a and 3b. Many times the phenomenon (Fig. 
3a) is diagnosed as a hot tear. If the melt quality of 
thermal center liquid has deteriorated to the level at 
which gases can be generated or solidifying constitu- 
ents markedly increase in volume, pressure will be 
developed within the remaining liquid. 


LIQUID EXTRUSION 


This forces an extrusion of liquid material into the 
void spaces of the immediately adjacent molded sand 
mass. This extruded material can produce the defects 


Total volume 
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temperature 
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Fig. 1— Schematic representation of the hot spot. A 
at an “L” shape section and B on a flat vertical or 
horizontal surface. 
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Fig. 2 — Develop- 
ment of a hot spot 
at an “L” shape 
section 50 min 
after pouring, using 
the data of Brandt, 
Bishop and Pel- 
lini.1 
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commonly known as either veining or penetration. 
Thus, one can make the claim that veining and metal 
penetration may be derivatives of shrinkage. The 
level of melt quality of the thermal center will be the 
deciding factor as to which defect will develop. Stated 
another way, had there been no metal penetration 
there may have been a shrinkage manifestation. The 
shrinkage occurrence (Fig. 3b) is sometimes diagnosed 
as some kind of a blow. 

Actually the shape of the depression is that of incip- 
ient piping, and the melt quality level of the thermal 
center was satisfactory. However, had the melt quality 
level been unsatisfactory, veining or metal penetration 
would have developed. The elimination of defects at 
the indicated locations can be accomplished by manip- 
ulating the thermal center to some location in the in- 
terior of the casting section. 


SURFACE SHRINKAGE 


Shrinkage-type defects occur on horizontal, vertical, 
flat and curved surfaces such as schematically illus- 
trated in Fig. 3c and 3d. A good illustration of sur- 
face shrinkage on curved surfaces will be found in the 
American Foundrymen’s Society book ANALYsIs OF 
Castinc Derects, Ist Editivn, p. 4, Fig. 1. 
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Fig. 3 — Schematic representation of shrinkage type 
defects at re-entrant angle locations and on flat sur- 
faces. A is diagnosed as a hot tear; B as some kind 
of a blow; C and D as shrinkage-type defects on 
horizontal, vertical, flat and curved surfaces. 


The depression illustrated in Fig. 3d is a manife - 
tation of piping, the same as one observes in a pro. - 
erly functioning riser, but a poor melt quality in ti e 
thermal center of such a boss-like shape would gi. 
rise to veining or metal penetration. Figure 3c depic s 
the shrinkage depression spread out over a larg: r 
area. This type of depression is sometimes regarde:| 
as the result of gas pressure developed within 
the molded mass. However, if the melt quality of the 
thermal center adjacent to the mold-metal interface 
decreased to an unsatisfactory level liquid metal may 
be extruded into the molded sand producing veins, 
metal penetration, or possibly scab (commonly called 
the expansion type). 


SCAB FORMATION 


It is interesting to note the marked similarity be- 
tween the shape of a shrinkage depression and the 
contour of the casting surface where a scab has de- 
veloped. In addition, the defect, buckle, has a like 
similarity in shape to a shrinkage depression or pip- 
ing. Therefore, we possibly can add scab formation to 
the list of derivatives of shrinkage, and scab formation 
can possibly be eliminated by manipulating the ther- 
mal center to a location within the casting. 

Separating the thermal center from the hot spot 
location involves altering, not elimination, of isother- 
mal lines during solidification. For castings of complex 
configuration considerable study may be required to 
satisfactorily alter the isotherms of solidification. 
Many procedures for such alteration are well known 
and, therefore, not a subject to be covered in this 
paper. 

The development of sites of hot tearing is closely 
related to the thermal center location. Surface mani- 
festation of hot tearing can be eliminated by a proper 
manipulation of the thermal center location. 

There is one casting defect, rat tails, which so far 
has been a real problem for the author of this paper. 
To date no satisfactory explanation for this defect 
seems to be available. 


CONCLUSION 


The hot spot, site of several surface-type casting de- 
fects, is composed of two parts, namely, a volume of 
molded sand, and a volume of liquid at the thermal 
center, separated from each other by the mold-metal 
interface. Shrinkage develops naturally within a 
thermal center. Shrinkage derivatives, commonly 
known as veining, metal penetration and possibly 
scabbing, may develop due to unsatisfactory melt 
quality within the thermal center. If one of the deriva- 
tives did not develop, shrinkage would. Castings with- 
out shrinkage or one of its derivatives merely indi- 
cates the isothermal lines of solidification have been 
naturally or intentionally manipulated in such a 
manner.so that the thermal center has been ade- 
quately separated from the mold-metal interface. 
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CORROSION-FATIGUE IN 


TWO HOT WORK DIE STEELS 


ABSTRACT 


Two hot work die steels, H21 and H23, were ex- 
amined by means of elevated temperature mechanical 
fatigue studies to determine the relative importance of 
oxidation and fatigue loading on _ corrosion-fatigue 
failures in die steels. It was found that sample life in 
the range of 1100F to 1400F was relatively inde- 
pendent of oxidation. Variations in heat treatments, 
test conditions or other material properties were found 
to affect sample life in direct proportion to their effect 
on the plastic strain imposed on the sample during 
cyclic loading. Sample life could be calculated by use 


of the equation: 
— 1000 


(S)? 
where N = sample life in cycles. 
S = plastic strain in per cent imposed on the 
sample each half cycle. 


INTRODUCTION 


There are many environments in which materials 
are exposed to the combined action of both cyclic 
strain and oxidation. The accelerated fatigue process 
occasionally observed under these conditions is refer- 
red to as corrosion fatigue. Metal forging or casting 
dies, which are subjected in service to alternate heat- 
ing and cooling in an oxidizing atmosphere, frequent- 
ly develop a fine network of oxide-filled cracks on the 
surface which are believed to result from corrosion fa- 
tigue. These cracks, referred to as die or heat checks, 
can ultimately become large enough to require re- 
placement of the die. 

The present investigation was designed to examine 
the relative importance of the corrosion and the fa- 
tigue processes in corrosion-fatigue failures of hot 
work die steels. At the same time, the effects of varia- 
tions of material properties, such as strength, resist- 
ance to tempering and oxidation resistance, upon the 
tendency for corrosion-fatigue failures were examined. 


MATERIALS 


Two hot work die steels were selected for use in this 
investigation, A.I.S.I.-S.A.E. types H21 and H23. The 
nominal compositions of these alloys are: 








Alloy Cr, % wW.% Cc,% 
H21 34 9 0.35 
H23 12 12 0.30 
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The material was received in the hot worked and an- 
nealed condition. Some of the alloy was examined as 
received. The remainder was heat treated to give a 
high yield strength. The properties of the materials 
are given in Table 1. It is seen that the greatly supe- 
rior strength at 75 F of heat treated H21 is rapidly lost 
as temperature is increased. At 1300 F, H23 is about 
equivalent to H21 in strength. 

These two alloys were selected for use in this inves- 
tigation principally because of their considerable dif- 
ference in resistance to oxidation and tempering. 
These differences are illustrated graphically in Fig. 1. 
Oxidation data were obtained at 1100F, 1200F, 
1300 F and 1400 F. At the lower temperatures, oxida- 
tion was negligible. At 1400F (Fig. 1) H21 was con- 
siderably less oxidation resistant than H23. The alloy 
condition had little effect on oxidation resistance. 

Tempering curves were obtained from the test sam- 
ples by measuring the loss of hardness occurring dur- 
ing corrosion-fatigue testing. Hardness is plotted ver- 
sus a tempering parameter permitting both time and 
temperature of tempering to be included on the 
graph. Figure | also shows that H23 was more resist- 
ant to tempering than H21. To get equivalent soften- 
ing in H23, a temperature roughly 200 F higher is re- 
quired. H21, for example, first shows softening after 
1 hr at 1180 F, while H23 first shows softening after 
1 hr at 1380F. 


EXPERIMENTAL PROCEDURE 


Although cyclic strain is generally imposed on die 
steels by thermal expansion and contraction, it is al- 
most impossible using thermally induced strains to 
separate the effects of cyclic strain from those of oxi- 
dation. Therefore, mechanical strain imposed at con- 
stant temperature was substituted for thermally in- 


TABLE 1— PROPERTIES OF TWO HOT WORK 











DIE STEELS 
Hardness 92% Offset Yield 
(Rockwell Strength, psi 
Alloy Condition Scales) 75 F 1800 F 
H21 Annealed RB87 60,000 16,000 
Quenched and tempered* RC5Q 230,000 55,000 
H23 Annealed RB95 _ 18,000 
Quenched and tempered” RC42 114,000 53,000 


* Air cooled from 2150 F and triple tempered between 1100 and 
1200 F. 

» Oil quenched from 2300 F and triple tempered between 1000 
and 1100F. 
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duced cyclic strain to permit a more exact study of 
corrosion-fatigue in hot-work die steels. Examination 
of the fatigue samples after testing indicated that me- 
chanical strain at elevated temperature could success- 
fully simulate the type of failure observed in the sur- 
face of die steels. 

As shown for a typical fatigue sample in Fig. 2, it is 
possible to duplicate both the checked surface pattern 
(in one direction) and the oxide-filled crack structure 
common to service failures in die steels. Thus, the use 
of this procedure would appear justifiable on the ba- 
sis of similar failure characteristics. 


A cantilever-type bending-fatigue machine was con- 
structed for testing the die steel samples. This machine 
is illustrated in Fig. 3. The fatigue machine was coi. 
structed to permit atmosphere control around the sa1:- 
ple and temperature control in the range of 1100 F 
to 1400 F. A triangular sample was designed with a 
base of 1 in. and a height of 4 in., as shown in Fig. 4. 
The reduced section was | in. with a minimum width 
of about 4-in. Sample thickness was 0.120 in. 


Room Temperature Bending Strain 


The bending strain measured at room temperature 
by strain gages mounted on dummy samples was used 
to calibrate the cam. Predetermined cam settings were 
then used to obtain the desired strain for high temper- 
ature tests. Bending load was measured continuous!) 
during testing by strain gages on the connecting rod 
between cam and sample. Applied strain was defined 
as the total strain applied each haif cycle from the 
maximum deflection in compression to that in ten- 
sion. 

The test end point was selected as the number of 
cycles at which the bending load was reduced to 50 
per cent of its initial value rather than complete sam- 
ple failure, since this end point was more reproduci- 
ble. In most cases, the end point preceded sample fail- 
ure by 100 cycles or less. This end point was selected 
over complete failure since the samples occasionally 
failed with an interlocking fracture, which prevented 
separation even after complete fracture had occurred. 

Preliminary studies established that typical corro- 
sion-fatigue failures were observed when the tests were 
conducted in the temperature range from 1100F to 
1400 F with the applied maximum fiber strain from 
0.30 to 0.80 per cent and the strain rate ranging from 
5 to 100 cycles /min. One cycle of strain was defined as 
including one 360 degree cam rotation, such that the 
sample surface was exposed to the applied strain 
twice each cycle. 


Selected Variables 


To facilitate statistical analysis of the data, the in- 
dividual temperature, strain and strain-rate variables 
were selected so that each was spaced at equal inter- 
vals on a logarithmic temperature, strain or strain-rate 


Fig. 2 — (left) Appearance of the surface of corrosion- 
fatigue sample of H21 steel (10) and (below) section 
through a crack after testing in air at 1300 F. Unetched. 
(250X). 
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Fig. 3 — Cantilever-bending elevated temperature 
fatigue testing machine. 


scale. Four levels were examined in each variable, 
such that a complete test sequence involved sixty-four 
separate tests. 

As the data were analyzed, it became apparent that 
much of the variation in sample life resulting from 
temperature would be eliminated if strain was ex- 
pressed in terms of plastic strain rather than total ap- 
plied strain. The plastic strain absorbed each half cy- 
cle was determined from stress-strain hysteresis loops 
representing the behavior of the surface material of 
the fatigue samples. The stress-strain hysteresis loops 
were constructed from the tensile data shown in Figs. 
5 and 6 and the elastic modulus data shown in Fig. 7. 

The procedure followed in obtaining the hysteresis 
curve may be seen by referring to Fig. 8. This illus- 
tration shows the hysteresis curve constructed for a 
sample of annealed H21 die steel strained 0.8 per cent 
at 1100 F. A step by step outline of the construction 
of the curve is: 


1) The total strain is divided by two to give the ori- 
gin, 0.4 per cent strain, point A. 

2) The stress-strain curve for annealed H21 at 1100 F 
(Fig. 5) is plotted (negative stress and strain) to 
Q per cent strain, point B. 

3) At point B, the elastic modulus at 1100 F (Fig. 7) 
is used to return. to zero stress, point C. 

4) At point C, the tensile stress-strain curve at 1100 F 
is plotted (positive stress and strain) until 0.8 per 
cent strain is reached, point D. 

5) The return portion of the hysteresis curve (DEF) 
is then constructed using elastic modulus data (D 
to E) and tensile stress-strain data (E to F). 

6) If points F and B were not almost coincident, the 
portion of the curve BCD was redrawn start- 
ing from point F. The new point at D generally 
coincided with the original point to give a closed 
loop. 


The hysteresis curve in Fig. 8 was then used to de- 
termine the plastic strain component by measuring the 
strain increment between points C and E. The plastic 











Thickness , 0.120" 


Fig. 4 — Corrosion-fatigue sample. 


strain for each fatigue test was measured in this 
manner. 


RESULTS 


The first objective of this study was to determine 
the significance of variations in strain, temperature 
and strain rate on sample life. For this purpose 64 
samples of annealed H21 were tested in air under 
varying conditions selected to permit statistical analy- 
sis. The results of these tests are given in Table 2. 
It is seen that sample life is decreased by increasing 
strain, increasing temperature or decreasing strain 
rate. When the results are compared on the basis of 
plastic strain rather than applied strain, sample life 
(N) can be empirically related quite simply to plastic 
strain (S), temperature (T), and strain rate (F) as 
follows: 


log N = 2.721 — 1.927 log S + 0.223 log F + 0.012 log T 
(1) 
where N = the number of cycles to end point. 
S = the per cent plastic strain observed during 
the initial half cycle. 
F = cycles/min. 
T = degrees Kelvin. 
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The standard errors of the constants were 0.024, 
0.106, 0.051 and 0.935, respectively. Significance at the 
95 per cent probability level requires that a constant 
in the equation be about twice its standard error or 
greater. Using this criterion, the temperature effect 
shown in these data is not statistically significant, so 
that the equation may be reduced by inserting the 
main value of temperature in equation (1) to 


log N = 2.758 — 1.927 log S + 0.223 log F (2) 


Second Study Undertaken 


Since the temperature variation reported in equa- 
tion (1) was not significant, it might be expected 
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Fig. 7 — Modulus of elasticity of H21 and H23 die 
steel as a function of temperature, determined by 
dynamic method. 
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Fig. 8 — Hysteresis loop for fatigue test at 1100 F and 
0.8 per cent total strain constructed for annealed H21 
die steel. 


that the strain-rate effect in equations (1) and (2) is 
related to some other factor than oxidation. Oxida- 
tion should be apparent in both the temperature and 
strain-rate (reciprocal time) terms of the equation. 
Therefore, a second study was undertaken in which 
the above test sequence was partially repeated under 
a slightly reducing atmosphere (forming gas com- 
posed of 10 per cent H, and 90 per cent N,Q) to elim- 
inate oxidation as a factor in sample failure. 

The results of 32 tests run under a reducing atmos- 
phere are given in Table 3. Based on these data, it 
was possible to write the following equation 


log N = 4.949 — 2.046 log S + 0.121 log F — 0.652 log T 
(3) 
with standard errors for the constants of 0.022, 0.100, 
0.046 and 0.832. As in the case of tests conducted in 
air, the temperature term was not significant, but a 
definite strain-rate effect on sample life existed. The 
simplified form of equation (3) then becomes 


log N = 3.005 — 2.046 log S$ + 0.121 log F (4) 


TABLE 2— RESULTS OF CORROSION-FATIGUE 
STUDIES ON ANNEALED H21 DIE STEEL 





No. Cycles to End Point at 








Temp., Strain, % Strain Rate of 
F Applied Plastic 5cpm 14cpm 37cpm_ 100cpm 
1114 0.30 0.100 >70,000 44,330 262,900 85,550 


0.40 0.180 16,650 24,345 22,850 69,450 
0.56 0.330 5,150 7,806 10,150 11,610 
0.80 0.560 2,275 3,725 $,075 $3,217 


1204 0.30 0.145 37,460 58,400 120,150 190,300 
0.40 0.230 6,450 17,480 26,750 26,770 
0.56 0.380 6,800 5,775 7,285 8,450 
0.80 0.615 2,000 4,700 4,930 3,536 


1300 0.30 0.180 28,200 90,550 42,350 35,850 
0.40 0.275 9,367 11,280 14,720 11,710 
0.56 0.425 3,375 4,845 8,660 7,014 
0.80 0.660 4,800 2,610 3,215 4,660 


1400 0.30 0.210 8,975 19,780 18,400 $5,260 
0.40 0.300 3,700 7,850 9,350 17,650 
0.56 0.455 4,950 3,100 5,220 5,850 
0.80 0.690 5,250 1,900 2,115 2,880 














TABLE 3— RESULTS OF FATIGUE STUDIES ON 
ANNEALED H21 DIE STEEL* 





No. Cycles to End Point at 








Temp., Strain, % Strain Rate of 
F Applied Plastic 5cpm I4cpm 37cpm_ 100cpm 
1 0.40 0.180 34,180 35,750 30,100 49,260 
0.80 0.560 5,408 5,414 7,165 4,561 
1204 0.30 0.145 64,790 83,000 128,830 176,000 
0.56 0.380 9,046 9,062 12,940 15,040 
1300 0.40 0.275 15,570 21,550 23,140 26,510 


0.80 0.660 4.426 2,512 5,179 3,260 


1400 0.30 0.210 34,450 35,810 30,180 37,340 
0.56 0.455 4,995 4,114 5,529 9,200 


(a) All testing carried out in a reducing atmosphere. 





This equation is quite similar to that obtained from 
tests in air, equation (2), indicating that the effect of 
oxidation on sample life is negligible. 


Resistance Variations Effect 


Also of interest in this investigation was the effect 
of variations in the resistance to oxidation, yield 
strength and resistance to tempering of die steels on 
behavior under corrosion-fatigue conditions. Sixteen- 
unit fatigue studies (quarter replicate of original 64 
test sequence) were therefore run in air using samples 
of annealed H23 die steel and of quenched and tem- 
pered H21 and H23 die steels. The results of these 
studies are given in Table 4. 

The data obtained from annealed H23 die steel 
could be represented quite well by an equation simi- 
lar to those expressed above. 


log N = 3.080 ~ 0.910 log $ + 0.179 log F (5) 


23 


Comparison of this equation with equation (2) indi- 
cated a major difference in the effect of strain upon 
sample life in the two alloys. However, as will be 
shown in the discussion of tests of quenched and tem- 
pered material, there is reason to suspect that this dif- 
ference is the result of some uncontrolled property 
change occurring in annealed H23 alloy during test. 


Heat Treatment Effect 


Heat treatment raises the yield strength (and pro- 
portional limit) of the alloys appreciably. Thus, com- 
paring resistance to corrosion fatigue at a constant 
applied strain shows heat treatment to be decidedly 
beneficial since the increase in the elastic component 
of strain results in a corresponding decrease in the 
plastic component of strain. When the sample life is 
evaluated at equivalent plastic strain, however, the 
considerable advantage of heat treatment does not 
appear. This is shown by the data (open circles) for 
quenched and tempered H21 die steel in Fig. 9. 

It can be seen that, based on equivalent initial plas- 
tic strain, quenched and tempered samples are ac- 
tually less resistant than annealed samples to corro- 
sion-fatigue failure. No doubt this is due to the large 
degree of tempering occurring during testing. The 
drop in hardness (Rockwell C scale) occurring in the 
corrosion-fatigue tests of heat-treated samples are in- 
dicated by numbers in parenthesis by each point. 
Since applied strain is maintained constant, a decrease 
in hardness would indicate an increase in the plastic 
strain imposed on the sample during testing. 

Thus, the points which show a hardness drop would 
be expected to be shifted to the right in Fig. 9, if cor- 
rected to the average plastic strain throughout the test 
period. Attempts to relate the amount of shift directly 


TABLE 4— RESULTS OF CORROSION-FATIGUE STUDIES 


















Temp., Strain, % No. Cycles to End Point at Strain Rate of 

F Applied Plastic 5 cpm 14 cpm 37 cpm 100 cpm 

Quenched and Tempered H21 Die Steel 
1114 0.30 0.000 >272,000 >1,440,000 
1114 0.56 0.010 52,000 161,600 
1204 0.40 0.010 101,580 346,200 
1204 0.80 0.100 5,700 13,700 
1300 0.30 0.035 58,830 166,800 
1300 0.56 0.140 5,675 12,200 
1400 0.40 0.225 10,730 37,850 
1400 0.80 0.580 1,650 2,390 
Annealed H23 Die Steel 
1114 0.30 0.015 58,600 203,300 
1114 0.56 0.260 8,950 10,850 
1204 0.40 0.185 9,600 20,800 
1204 0.80 0.560 2,275 2,675 
1300 0.30 0.150 16,050 21,450 
1300 0.56 0.385 4,275 5,325 
1400 0.40 0.280 7,525 5,850 
1400 0.80 0.655 2,797 3,042 
Quenched and Tempered H23 Die Steel 

1114 0.40 0.015 >503,900 > 1,126,000 
1114 0.80 0.170 6,625 393,100 
1204 0.30 0.000 410,600 >2,512,000 
1204 0.56 0.065 64,600 371,800 
1300 0.40 0.055 53,880 249,800 
1300 0.80 0.295 4,950 5,850 
1400 0.30 0.080 205,500 73,100 


4.525 




































Sampie Life, 1000 cycles 


Somple Life, 1000 cycles 
a 
°o 









0(6) 0(28) 















0080 0100 
initial Plaste Strain, per cent 

Fig. 9 — Sample life quenched and tempered H21 die 

steel (loss of Rockwell C hardness during testing 

given in parentheses). Circles denote points for heat 

treated H21. 
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Fig. 10 — Sample life of quenched and tempered H23 
die steel (loss of Rockwell C hardness during testing 
given in parentheses). Circles denote points for heat 
treated H23. 
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to tempering were not successful, which indicates 1! \; 
the change in plastic strain value is not a direct {\ 
tion of time, temperature or hardness. 


Graph Data 


Data from corrosion-fatigue studies on quenc! d 
and tempered H23 die steel (open circles) have bn 
plotted in Fig. 10. Two factors of interest are seen in 
this graph. First, it is obvious that the data from 
quenched and tempered H23 are much more closely 
related to those of annealed H21 than of annealed 
H23, based on equivalent plastic strain. This sugg: sts 
that the results for annealed H23 were subject to an 
uncontrolled systematic error. Although limited time 
did not permit a re-examination of these data, it 
would appear that some metallurgical change may 
have been occurring in annealed H23 die steel during 
testing. 

The second observation is that the sample life of 
quenched and tempered H23 die steel was in much 
better agreement with that determined for annealed 
H21 die steel than was that of quenched and tempered 
H21 die steel. It is probable that this was the result 
of greater resistance to tempering in H23, as indicated 
by the slight drop in hardness observed in most sam- 
ples, such that the average plastic strain occurring 
during the test period was more nearly equal to the 
initial (calculated) plastic strain. 

Because of uncertainties regarding plastic strain val- 
ues, no attempt was made to develop for heat treated 
material equations relating sample life to strain, 
strain rate, and temperature. 


DISCUSSION OF RESULTS 


The most striking feature of these studies is that re- 
gardless of material strength, tempering resistance or 
oxidation resistance, or of test temperature, strain rate 
or atmosphere, the sample life of these die steels was 
about the same at equivalent cyclic plastic strain. 
This is illustrated graphically in Fig. 11, where all of 
the fatigue data from these investigations are plotted 
as a function of plastic strain. A simplified equation 
similar to equations (2) and (4) can be written for 
these data: 

log N = 3—2 log S 
or 
_ 1000 
~ SS 


Thus, all of these variables affect fatigue life in pro- 
portion to their effect on plastic strain. 

This equation is quite similar to those observed in 
low-strain-rate, high-strain fatigue studies on a num- 
ber of other investigations.* The direct dependence of 
sample life on plastic strain permits the effects of the 
other material or testing variables to be easily pre- 
dicted. Any change which reduces the plastic strain 
applied to the sample in fatigue loading increases the 
life of the sample. 

If sample life is a function principally of plastic 
strain, it is apparent that corrosion can be of little 


N 





“7. F. Tavernelli and L. F. Coffin, “A Compilation and Inter 
pretation of Cyclic Strain Fatigue Tests on Metals,” A.S.M. 
Transactions, vol. 51, p. 438 (1959). 
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Fig. 11 — Variation of sample life with plastic strain. 


significance. Data on tests on annealed H21 die steel 
support this conclusion to a marked extent in regard 
to sample life. However, corrosion does play an im- 
portant role in controlling the mode of crack forma- 
tion. Thus, the appearance of the cracks developed in 
samples tested in air at low temperatures, at high 
speeds (short times), or in a reducing atmosphere, is 
quite different from that illustrated in Fig. 2. Only a 
few surface cracks are formed, and on examination 
these have an irregular, oxide-free appearance. A typ- 
ical example of such a crack is shown in Fig. 12. The 
geometric pattern leading to the designation of the 
crack pattern as die or heat “checks” is apparently 
the chief contribution of corrosion to corrosion- 
fatigue failure in die steels. 


CONCLUSIONS 


Two hot work die steels (H21 and H23) were ex- 
amined to determine the relative importance of 
oxidation and cyclic strain on the corrosion fatigue 
cracking observed in die steels in service. This study 
has resulted in the following conclusions: 


|. The characteristic geometric crack pattern and 
oxide-filled cracks of die steels which fail under 
thermal] fluctuations in service can be reproduced 
by imposing a cyclic strain mechanically at elevated 
temperature. 

2. Through studies of the high-temperature fatigue 
behavior of two die steels, it was determined that 


Fig. 12 — Appear- 
ance of crack in 
H21 die _ steel 
tested in forming 
gas at 1300 F. 


sample life was increased (the onset of cracking was 
retarded) by reduced testing temperature, increased 
testing speed, reduced testing strain, increased 
strength of the material and increased resistance 
to tempering. 

3. If the strain in testing was expressed in terms of 
plastic strain rather than total strain, temperature 
and strength of material were found to no longer 
affect sample life. The effects of these variables on 
sample life were related to their ability to alter the 
amount of strain absorbed elastically during fatigue 
testing. 

4. The decrease in sample life resulting from temper- 
ing of the material was attributed to changes dur- 
ing testing in the amount of strain absorbed 
elastically. 

5. Conducting the fatigue tests in a slightly reducing 
atmosphere rather than an oxidizing atmosphere 
did not affect sample life appreciably. However, 
the appearance of the cracks formed was altered. 

6. Neglecting the small effect of strain rate and tak- 
ing into account the changes in strength during 
testing resulting from tempering, sample life (N) 
was found to vary with plastic strain imposed each 
half cycle (S) as follows: 


_ 1000 
7 (S)? 





7. The appearance of the crack pattern observed in 
die steels under thermal cycling is the result of 
oxidation during cyclic strain. However, the life 
of the die — that is, the onset of cracking —is de- 
pendent only upon the magnitude of the plastic 
component of the thermally induced cyclic strain. 
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JOB EVALUATION— 
ASSET OR LIABILITY? 


by A. G. McNichol 


ABSTRACT 


The Cooperative Wage Study plan of job evaluation 
is one which has come into prominence in recent 
years. The three facets of this plan are 1) job descrip- 
tion, 2) job classification and 3) job evaluation. This 
plan is a labor cost program, the benefits of which 
usually are indirect and not easily measurable. In com- 
bination with other management techniques, job 
evaluation is a valuable aid. Work measurement is the 
natural, and necessary, followup of this program. 


INTRODUCTION 


In 1954 the AFS Industrial Engineering Committee 
completed the compilation of an outstanding collec- 
tion of articles dealing with the practical application 
of Industrial Engineering in foundries. These articles 
were published by the American Foundrymen’s So- 
ciety under the title TIME AND MOTION STUDY FOR THE 
Founpry, and are highly recommended reading for all 
foundry management personnel. Included in this book 
are two articles on job evaluation; one dealing with 
the well-known national metal trades plan, and the 
other presenting the factor comparison method of job 
evaluation. 

It is hoped that this paper will supplement these ar- 
ticles by presenting an outline of the Cooperative 
Wage Study plan which has come into prominence in 
recent years. At the same time, I hope that the 
opinions expressed and the conclusions drawn may be 
of some benefit to those who do not have job 
evaluation in their companies and are contemplating 
the installation of such a program. 

“Cooperative Wage Study’ (C.W.S.) refers to the 
job evaluation program developed jointly by manage- 
ment and union under directive of the National War 
Labor Board during the years 1943 to 1945. The joint 
committee was composed of representatives from 12 
major steel companies and a seven man team from the 
United Steelworkers of America (C.I.O.). Following 
the negotiation of the manual and related wage 
agreements, the program was adopted in some 86 com- 
panies, and eventually covered some 25,000 jobs in the 
basic steel industry. 

Since that time, C.W.S. programs have been pro- 
moted by the United Steelworkers in the other indus- 
tries for whom they are bargaining agents. The re- 
sult is that this job evaluation plan in recent years has 
become fairly common in a variety of industries in- 
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cluding light and heavy plate fabrication, structurals, 
foundries, forgings, machine tool and equipment man- 
ufacturers, mines and electrical equipment manu- 
facturers. 


Any company considering the advisability of using 
job evaluation must certainly want to know the an- 
swers to such fundamental questions as: 


What is job evaluation? 
What will it cost? 
What benefits can be expected? 


The answers to these and other questions will be 
drawn by reference to, and with illustrations from, 
the application of the C.W.S. program. In most cases, 
however, the points discussed are equally applicable 
to other job evaluation plans. 


WHAT IS JOB EVALUATION? 


There is some confusion in the use of the terms Job 
Evaluation, Job Description and Job Classification. 
Additional confusion is introduced by the use of such 
other related terms as Job Analysis, Job Specification, 
Job Ranking and Job Pricing. 

In a straightforward point evaluation plan such as 
C.W.S., three terms only are necessary. These are: 


1) Job Description. The factual statement of the im- 
portant functions which comprise the job content. 

2) Job Classification. Procedures by which the func- 
tions are analyzed and measured in terms of rela- 
tive worth according to the factors used in the plan. 

3) Job Evaluation. The term used to embrace the en- 
tire program, and includes both the job descrip- 
tion and job classification processes. 


Perhaps the best way to explain job evaluation is by 
consideration of the basic economic needs which fos- 
tered its development. 

In modern society, man usually purchases goods of- 
fered on the market at a given price. To a degree 
there are some traces remaining of the barter system, 
but, in general, most transactions result in the ex- 
change of a required number of dollars for an article 
of known size, shape, material, quality, and so forth. 

When the commodity to be sold is labor, however, 
the establishment of a fixed price for a given service 
is extremely difficult. It may be argued that the 
laws of supply and demand will produce an answer to 
this question, and they do. Unfortunately, the answer 
arrived at in this manner usually determines only one 
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side of the equation—the dollar value to be paid. The 
services to be rendered in return for the agreed upon 
wage are rarely defined in such a way that either 
party knows exactly what is expected of the worker. 

Job evaluation was developed in industry as a means 
of defining and measuring the work functions to be 
performed. It must be recognized, however, that the 
measurement mentioned here is the measurement of 
the job functions, responsibilities, conditions, and so 
forth. It is not a measurement of the quantity of work 
required. The process may be considered as one which 
determines the quality requirements of each job, but 
it must be emphasized that job evaluation does not 
measure the quantitative requirements. This most im- 
portant supplement to job evaluation is determined 
through work measurement procedures. 

Job evaluation, then, is the procedure by which 
management (or management and union together) 
define the functions of each job and determine the 
relative worth of the job when it is performed by a 
competent employee working at a normal pace. 


C.W.S. PROGRAM OUTLINE 
Perhaps a brief examination of the C.W.S. program 
will explain better than a generalized text. 
Figure 1 shows a fairly typical scatter chart of wage 
rates in a plant prior to job evaluation. Two points are 
worthy of note: 


1) There is little or no pattern to be observed. 

2) There are numerous instances where high-skill jobs 
on the right side of the chart are paid less than 
low-skill jobs on the left. 


Figure 2 shows the results after job evaluation. The 
progression of wage rates from the lowest job class to 


























the highest, fall in a straight line with an equal in- 
crement, or step, between each job class. 

Table | illustrates a job description. In essence this 
is the identification of the job in increasing detail as 
you read from the top of the page to the bottom. The 
title is amplified by the notation of department and 
subdivision. This is followed by the “Primary Func- 
tion” which is a one sentence condensation of the ma- 
jor responsibilities. Further job identification is pro- 
vided under the headings of “Tools and Equipment,” 
“Materials,” “Source of Supervision” and “Direction 
Exercised.” The description is completed by outlining 
in fairly general statements and working procedure 
followed in performing the job functions. The state- 
ment on the bottom of each job description should 
also be noted (This a printed on the form used). 


Job Classification 

Having completed the description of the job, the 
next step is the job classification. In this part of the 
program the job responsibilities, conditions, and so 
forth, are measured against the Job Classification 
Manual. 

The manual is composed of 12 factors, each of 
which is subdivided into a number of levels. Each 
level has a point value, and by determining, from the 
definitions provided, which level is most applicable 
for a given job, the factor value is immediately ob- 
tained. The sum of the 12 factor values determines 
the job class. 

Table 2 shows the 12 factors and the maximum 
value for each. To a certain extent these maximum 
values are misleading since the operative areas of the 
factors in most installations would indicate a much dif- 
ferent effective factor weighting. Some consideration 














28 


$/Hour 










2.40 









2.30 









2.20 








2.10 





2.00 














Fig. 2 — Wage curve 
diltieeds illustrating wages 


¥<—1. EQUAL INCREMENTS 





1.90 





t 

alee > oo CLASS RATES 
i 
, 


> BETWEEN JOB 


paid after job evalua- 
tion. 





1.80 


— 





1.70 



























































0-1 2 3 4 5 6 7 8 9 


JOB CLASS 


has been given to the advisability of adjusting some 
of the factor values for application of the C.W.S. 
manual in the mining and structural fabricating in- 
dustries has been reported to the author. Apparently 
such attempts were dropped and the author is un- 
aware of any changes having been made to the orig- 
inal factor weightings developed in the basic steel 
industry. 

Table 3 shows the definitions and values for the 
levels in Factor 3, “Mental Skill.” The other factors 
in the manual are presented in the same manner. A 
base, or zero value, is provided for the minimum re- 
quirements of level A and progressively higher values, 
arranged in irregular steps, are given for higher de- 
grees in the factor. 


Job Description 

The job classification form (Table 4) is printed on 
the reverse side of the job description. On this form, 
the selected factor level definitions and the corre- 
sponding numerical values are recorded. The sum of 
the factor values (rounded to the nearest whole num- 
ber) is the job class. 


WHAT IT WILL ACCOMPLISH 


This outline of the C.W.S. program has been greatly 
condensed and simplified in order to cover only the 
essential points without too much of the detail which 
would be confusing. The manual and wage agree- 
ment include instructions for the company and union 
committees. Specific procedures are outlined for the 
treatment of tradesmen, apprentices, learners, leaders, 
inspectors, out-of-line differentials, and so forth. 

Properly applied, job evaluation will result in equi- 
table wage rates for all jobs in the plant. With care, 





10 ll 12 13 14 15 16 


they will be reasonably equitable within the commu- 
nity and the industry. It should be noted that the ref- 
erence here, and throughout this paper, is to wage 
rates for jobs, not wage rates for individuals. The se- 
lection, placement and rating of individual employees 
in their assigned tasks, although a related problem, 
must be considered separately. 


A sound job evaluation program not only measures 
the relative worth of each job at the time of instal- 
lation, but also provides the mechanisms for main- 
taining the proper relationships in the future. New or 
revised jobs created through changes of equipment, 
processes and procedures must, of course, be inte- 
grated into the program. 


A third benefit which is to expected is a struc- 
ture of base rates which provides a sound basis on 
which to build work measurement or wage incentive 
programs. Comments on this point will be presented 
a little later. 


A fourth accomplishment will be elimination of the 
perpetual problem of adjusting inequitable wage rates 
during the annual labor contract negotiations or even 
during the life of the contract. A major provision of 
the C.W.S. agreement is that, after the program is com- 
pleted, there shall be no claims of wage inequities sub- 
mitted or processed. 


The job evaluation program will provide basic in- 
formation for management use in costing, estimating, 
scheduling, and so forth. This information is inval- 
uable for use in work measurement programs and the 
analysis and improvement of organization structures. 
Job descriptions are most useful for personnel rela- 
tions activities such as hiring, transferring, training 
and promoting. 




















WHAT IT WILL NOT ACCOMPLISH 


Job evaluation will not solve all the labor problems 
for the plant manager. While it will reduce or elim- 
inate grievances over wage rates, it will have virtually 
no effect, nor should it have, on the multiplicity of 
other employee grievances. 

Secondly, job evaluation will not increase the pro- 
ductivity of the labor force. Since only the qualitative 
job requirements have been measured, the new rate 
structure will have no direct effect on work output 
pel man. 

Job evaluation will not improve the quality of work- 
manship or skill of the workers. It may be argued that 
the desire to move into a higher job classification will 
inspire workers to self-improvement and the attain- 
ment of necessary qualifications for advancement. A 
more realistic result, unfortunately, is the elimination 


TABLE 1— SPECIMEN EXAMPLE 
OF JOB DESCRIPTION 





Department -Miainecenmce «86 G0. Gee ww wie ccccccce 
Subdivision ....Machine Shop Std. Title ......... Machinist 
BMD ioide calice Mgt ine made eed Plant Title ....Machinist “A” 
Rs CRs ee are rae 4 aS ee ee 





Primary Function: 
To lay out work, set up and operate ma- 
chine tools and perform any dismantling, 
fitting or assembly work required for plant 
maintenance or construction. 
Tools and Equipment 
All usual types of machine and hand tools 
common to the trade. 
Materials 
Used: Ferrous, non-ferrous and nonmetallic mate- 
rials; cutting oils, grinding compounds and 
other processing materials. 
Produced: Machined parts or assemblies. 
Source of Supervision 
Foreman or immediate supervisor. 


Direction Exercised 
Works alone or directs helpers and other 
workmen as required. 

Working Procedures 
Receives instructions, prints and work or- 

ders. 

Interprets drawings and sketches; plans and 
determines working procedure. 

Performs any layout work and makes 
sketches of parts as required. 

Calculates and determines dimensions, ta- 
pers, indices and other data, using shop 
formulas and handbooks as necessary. 

Selects and grinds tools for the job in ac- 
cordance with hardness, machinability 
and other properties of parts to be ma- 
chined. 

Procures or makes jigs, fixtures or machine 
attachments required for the job. 

Sets up and operates machine tools, adjust- 
ing stops, feeds and speeds for efficient 
machining. 

Machines parts to precision tolerances and 
specified finishes. 

Uses precision measuring instruments. 

Dismantles machinery and equipment. 

Assembles, fits, aligns and adjusts machinery 
and equipment to close tolerances. 

Works in shop or field as required. 

The above statement reflects the general details considered nec- 
essary to describe the principal functions of the job identified, 
and shall not be construed as a detailed description of all the 
work requirements that may be inherent in the job. 
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TABLE 2—C.W.S. FACTORS AND WEIGHTINGS 
OF MAXIMUM VALUES 








Item Maximum Value 

1. Pre-Employment Training ............ ie 2% 

2. Employment Training and Experience ..... 4.0 9% 

DME: 00.5 4.9% Saeenhoncandecanian tak 3.5 8%, 

PN Pet er ee eee 2.0 5% 

5. Responsibility for Materials ............... 10.0 23% 

6. Responsibility for Tools and Equipment .... 40 9% 

7. Responsibility for Operation ............... 65 15% 

8. Responsibility for Safety of Others ......... 2.0 5% 

D,. TE EE 34Aos eeacgans aden edcomat hen 2.5 6% 
OO... PE ENE 5 wad ds cinnanciedh des gabiaasa 2.5 6% 
OG, . IIE 402 on 0aseoesd stars s eeasden Ties 3.0 7% 
ER hd bani +0nn> cokes sap tonne auneile 2.0 5% 
43.0 100% 





TABLE 3—C.W.S. FACTOR LEVEL DEFINITIONS 
AND VALUES 





FACTOR 3 MENTAL SKILL 





Consider the mental ability, job knowledge, judgment and 
ingenuity required to visualize, reason through, and plan the 
details of a job without recourse to supervision. 





Numeri- 
cal 
Classifi- 


Code Job Requires AbilityTo | Benchmark Jobs cation 





A Perform simple, repetitive Laborer 
routine tasks. Do simple Stocker O. H. 
sorting. Wharfman—C. P. Base 
Make changes in routine Scrapman—Bil. Shr. 
only when closely directed. 





B Make minor changes in rou- Charger Bar Mill 
tine or sequence on repeti- Wire Bundler 
tive jobs involving selection, Pipe Stenciler 
positioning and recognition 1.Q 
of obvious defects or adjust- 
ments where tolerances are 
liberal. 





C Perform semi-routine job in- Chipper—Cond. 
volving some variety of de- Bottom Maker ‘S. P. 
tail and requiring judgment. Stitcher Oper. 


Sort material according to Assorter—Tin Plate 16 
size, weight or appearance. Tractor Operator— 
Ram 


Craneman—H. S. 





D Reason through problems Slitter Operator 
involving setup and opera- Finisher—H. S. 
tion of moderately complex Charging Mach. 


equipment. Oper. O. H. 
Use considerable judgment Ore Bridge Oper. 
in operating equipment. 2.2 


Exercise considerable judg- Carpenter 

ment in selecting and using Bricklayer 
materials, tools and equip- Millwright—B. M. 
ment in construction, erec- 

tion or maintenace work. 





E Plan and direct the opera- Tandem Mill Roller 


tion of a large complex pro- Ist Helper—O. H. 

duction unit. 

Reason through and plan Machinist 2.8 
operating problems. Boilermaker 

Plan work detail from com- 

plex blue prints. 





F Analyze and plan complex Layout Men 


nonrepetitive tasks to be (Development Work) 3.5 
performed by skilled work- 


men. 














TABLE 4— SPECIMEN EXAMPLE 
OF JOB CLASSIFICATION 





Plant Title: Machinist “A” Std. Title: Machinist 





Factor Reason For Classification Code 


Class- 
ification 





1. Pre-Employment Training. This job requires 
the mentality to learn to: Interpret detailed 
assembly & complex part drawings. Apply C 
practical knowledge to work involving consid- 
erable variation in operation, construction and 


repairs. 


1.0 





2. Employment Training and Experience. This 
job requires experience on this and related H 
work of: From 37 to 48 months of continuous 
progress to become proficient. 


3.2 





§. Mental Skill Select materials and plan work. 
Interpret complex part drawings. Make shop E 
and field sketches. 


2.8 





4. Manual Skill Use various machine tools and 
hand tools to perform tasks involving close D 
tolerances. 


1.5 





5. Responsibility for Material Estimated Cost 
Close attention in laying $500. or 
out and machining work to Under 
close tolerance. E 
Failure to hold tolerance may cause extra 
machining, scrapping of materials, machinery 
or equipment. 


3.2 





6. Responsibility for Tools and Equipment Mod- 
erate attention and care required to avoid C 
damage to machine tools. Damage tradesman’s Med. 
tools by dropping, carelessness, improper use. 


0.7 





7. Responsibility for Operations Individual proc- 
essing operation involving use of complex C 
machine tools. 





8. Responsibility for Safety of Others Ordinary 
care and attention required to prevent in- 
jury to others. Operate machine tools where B 
others are occasionally exposed. Occasional 
crane hooking. 


0.4 





9. Mental Effort Close mental or visual applica- 
tion required to plan and lay out work and 
interpret drawings and sketches. Grind tools, D 
gauge work and adjust equipment for proper 
metal removal. 





10. Physical Effort Light physical exertion re- 
quired to manipulate light controls, grind B 
tools, use light hand tools, clean up, etc. 


0.3 





11. Surroundings Machine shop conditions. A 


Base 





12. Hazard Accident hazard moderate. Exposed 
to hazards of revolving machinery and crane B 
hooking such as mashed fingers or sever cuts. 


0.4 





Job Class 14 Total 


16.0 





Reviewed and Approved by: 





Chairman ,Union Job Classification Committee 





Chairman, Management Job Classification Committee 





Described by Date: 
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of individual initiative through the establishment { 
equal rates for all employees on a given job, reg 
less of individual differences of knowledge, ability « 
effort. This disadvantage, of course, is as much a 
sult of the seniority provisions in the labor contr. 
as it is in a result of job evaluation. 

Except in a company that has no incentive pla: ., 
job evaluation will not solve all the wage rate prc. - 
lems. Where there are existing incentives, the estab- 
lishment of job evaluation invariably will create new 
problems in areas where there had been none preyi- 
ously. Existing piece rates probably will require revi- 
sion, many incentives may be submerged by higher 
base rates to the point of being ineffectual, and al- 
lowed-hour plans on higher base rates may disclose un- 
wanted discrepancies in total earnings comparisons 
with higher skilled, but nonincentive occupations. 


PITFALLS OF MANY INSTALLATIONS 


The fact that job evaluation appears to be straight- 
forward, easily understood pracedure creates the first 
possible trap for the uninitiated. There is nothing 
mysterious about job evaluation. There are many facets 
to be considered, however, and even the smallest com- 
pany would be well advised to seek professional guid- 
ance in the selection or development of a plan, the 
negotiation of wage agreements and training of per- 
sonnel. 

While outside help is desirable during the installa- 
tion phase, it must be remembered that this is a con- 
tinuing program. The primary purpose of consultants 
in this case should be to train plant personnel who will 
be capable of the necessary administration and future 
maintenance of the program. At any instant, job eval- 
uation is only as good as it is currently accurate, both 
in the description of job content and in the measure- 
ment of the value of the job. Since no plant long 
remains static, it can be seen that maintenance of the 
program on a current basis is a prerequisite-to success. 


Selection of personnel to conduct the program is 
important. In the first place, no one man should at- 
tempt the job alone. Since job evaluation depends on 
human judgment, the principle of multiple judg- 
ment through the use of a committee is highly desir- 
able. In many installations this principle is extended 
even further by the creation of two committees, one 
representing the company and one representing the 
union. A real advantage to this approach is the sense 
of participation by the workers and the acceptance of 
the results as being fair and equitable. 


Committee Selection 


The selection of four, or six people to work as two 
committees is often difficult, particularly in a small 
plant. The author believes it is important that neither 
the plant manager nor the local union president serve 
on the committees. Even if they both have the re- 
quired characteristic of objectivity, they should be re- 
served for second-line negotiation of the agreement 
within which the committees function. As in any other 
form of negotiation neither side gets everything it 
wants. The union committee can expect to be unpop- 
ular with some segments of the plant working force 
when the program is completed. In one case at least, 























the local union president, who had served as chairman 
of the union job evaluation committee, found himself 
voted out of office in the next election. 


Job Rating 

(ne pitfall which is common to every type of plan, 
although more prevalent in some than in others, is 
the continual temptation to think (and rate) jobs in 
terms of the individual employee on the job. Besides 
the characteristic of objectivity, the evaluators re- 
quire the ability to consider each job impersonally 
without thought of the employee concerned. This is 
most difficult in small plants, but nonetheless essen- 
tial to the success of the program. 


A pitfall which one would imagine every company 
would consider is the cost of the program. This can 
be estimated fairly accurately with little difficulty by 
a competent adviser. Such an estimate should be pre- 
pared before management and union meet to negoti- 
ate such monetary items as base rate and increment 
between job classes. One practical approach to this 
problem is for the parties to negotiate an agreed-upon 
amount of money (such as $0.10 per hr) to be used 
for job evaluation. This provides management with a 
known cost commitment, and union with a fixed av- 
erage increase for the employees. It also facilitates the 
negotiation of job classifications, since neither side 
has anything to gain in total dollars by unwarranted 
bargaining over individual jobs. 

It should not be necessary to advise a business man 
to read the fine print in a document. However, in 
the case of the steelworkers’ C.W.S. program this is 
most important. The C.W.S. manual of 12 factors is 
a straightforward point evaluation plan. The at- 
tached appendices which outline the conventions to 
be applied for leaders, spell hands, tradesmen, ap- 
prentices, learners, inspectors, and so forth, are also 
part of the wage agreement, or manual as it has come 
to be known. Since each one of these conventions 
costs money, the importance of fully understanding 
all the terms of the agreement is readily apparent. 


Purpose of Program 


In any job evaluation program it must be expected 
that traditional wage relationships will be altered to 
some extent. This, after all, is the purpose of job eval- 
uation unless the original rate structure was properly 
arranged, in which case there would be no need for 
an evaluation program. The point which should be 
appreciated by foundries contemplating a job evalua- 
tion program using the C.W.S. manual, is that this 
manual was developed by and for the basic steel in- 
dustry. Consequently, the traditional wage relation- 
ships on which the factors were based are not identical 
with the traditional wage relationships of the foundry 
industry. 

In most cases, the differences probably are minor, 
but there may be some comparisons which will seem 
incomprehensible to the foundryman. For example, 
one plant manager was horrified to discover that 
both his lift truck operator (who delivers molten 
iron) and his production molders (on heavy repeti- 
tive work) were classified in job class 9. Tradition- 
ally, the lift truck position was easy to fill and carried 
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a rate some $0.07 above base labor, which is the ap- 
proximate equivalent of job class 3. 

In this particular case, the comparison of total earn- 
ings and the incentive opportunities of the molders’ 
job established a satisfactory spread above the lift 
truck earnings. The point remains, however, a job 
evaluation program from one industry may establish 
wage relationships which differ materially from the 
historical relationships (and therefore would be un- 
desirable) in another industry. 


WORK MEASUREMENT NEEDED 


The final pitfall which is included here is not inher- 
ent in the job evaluation program itself. As noted 
earlier job evaluation determines the proper wage to 
be paid to a competent employee working at a normal 
pace. This, in effect, establishes one half of the phrase 
which has often been applied to the C.W.S. program: 
“A fair day’s pay for a fair day’s work.” The estab- 
lishment of the other half of the phrase, the “fair 
day’s work” must be developed by management, us- 
ing some form of work measurement such as time 
study, predetermined times or work sampling. To the 
author it seems the height of inconsistency for a com- 
pany to install job evaluation and not follow it up 
with a work measurement program to ensure that 
proper value is received for its payroll dollars. 


CONCLUSION 


By itself, job evaluation should not be considered 
a cost reduction tool in the sense that it will produce 
direct savings similar to wage incentive and methods 
programs. On the contrary, job evaluation must be 
recognized as a labor cost item, the benefits of which 
usually are indirect and not easily measurable. These 
benefits often are deferred for a period of months 
or years, and usually manifest themselves in the form 
of increased morale and harmony in the labor force. 

In combination with other management techniques, 
job evaluation is an invaluable aid. The simple pro- 
cess of properly identifying each job with a title 
and description of the job functions invariably leads 
to analysis of work assignments and improvements in 
the plant organization. A natural, and necessary, fol- 
lowup to job evaluation is work measurement, the 
uses and benefits of which are manifold. Without at- 
tempting to include any discussion of work measure- 
ment in this paper, it should be noted that in one of 
its major fields, wage incentives, there is every danger 
that a well-designed incentive system can fail miser- 
ably unless it is applied to a sound base rate structure 
developed by job evaluation techniques. 

This, then, is the conclusion to which the author 
has come in his own thinking on this subject. Job 
evaluation is an expense item of limited measurable 
value unless it is treated as the essential first step in 
a comprehensive. industrial engineering program 
which uses job evaluation as one of the bases for 
establishing the multitude of true cost reduction 
activities. To each individual must be left the ques- 
tion which began this discussion: “Job evaluation, 
asset or liability?” This must be answered according 
to the particular company situation and the policy 
which its management adopts. 
















MICROSTRUCTURAL CHANGES UPON 


TEMPERING NICKEL CHROMIUM 


WHITE IRON AT 400F 


by J. R. Mihalisin and R. D. Schelleng 


ABSTRACT 

A tempering treatment at 400 F is usually applied to 
martensitic irons and steels used for abrasion resistant 
castings. It is shown that such a tempering treatment 
alters the appearance of the martensite plates under 
polarized light. Electron micrographs show a precipi- 
tate within the tempered martensite plates and an 
electron diffraction analysis of the precipitate discloses 
that it is epsilon carbide. 


WHITE IRON STUDIED 


Martensitic white cast irons are used to advantage in 
many locations where resistance to abrasive wear is im- 
portant. Typical uses include grinding mill liners and 
balls, slurry pumps, roll heads, auger conveyors, etc. 
The martensitic matrices of such irons are produced 
in the as-cast state through alloying conditions. A great 
variety of compositions are used depending upon serv- 
ice conditions. 

The alloy studied in this work has the following 
nominal composition in per cent by weight: 


Cc Si Mn Ni c’ 
3.3 0.5 0.5 4.5 2.0 


The hardness of this material normally is about 600 
Bhn. The microstructure consists of large amounts of 
massive carbide surrounding martensitic dendrites. 
Usually a significant amount of retained austenite is 
present in the as-cast condition. Rote! has reported 
isothermal and martensite transformation data for 
such an iron. The Ms temperature was found to be 
about 200 F, and the Mf temperature was reported to 
be in the vicinity of minus 200 F. 

Early in the development of irons of this type it was 
learned that a significant improvement in the tough- 
ness of the material results from a tempering treat- 
ment at 400 F for about 4 hr. No noticeable sacrifice 
in wear resistance results from this temper, and the 
utilization of such a heat treatment has become stand- 
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ard practice for these irons. Abrasion resistant, mar- 
tensitic, high carbon steels also benefit from such a 
tempering treatment.2 


MICROSTRUCTURAL CHANGES STUDY 


Since tempering of martensitic white iron castings 
at 400 F had been found to be of considerable benefit 
to service ability, a brief study was made of the micro- 
structural changes produced by the heat treatment. 

Microstructural examinations of tempered and un- 
tempered iron specimens were made. The well-known 
difference in etching response between the as-cast and 
tempered material was observed, but no marked 
change in the microstructures could be seen at the 
magnifications possible by light microscopy. However, 
when the etched microstructures were viewed under 
polarized light with an analyzer perpendicular to the 
polarizer, a marked difference in appearance was ob- 
served. 

The martensite plates in the tempered material ap- 
peared light while the martensite in the as-cast sample 
appeared dark. Photomicrographs illustrating these 
observations are shown in Fig. 1. When the sample is 
rotated with respect to the plane of polarization of the 
light, the martensite plates in the tempered iron ap- 
pear alternately light and dark four times in one rev- 
olution. The as-cast martensite plates show only a 
slight change in brightness, and remain dark in com- 
parison with the tempered martensite. 


ELECTRON MICROSCOPY 

Electron micrographs of the material are shown in 
Figs. 2 and 3 in the as-cast and tempered conditions, 
respectively. The martensite plates appear homo- 
geneous as-cast, but tempering at 400 F for 5 hr causes 
a lamellar precipitation of a second phase within the 
martensite plates. Small amounts of bainite formed 
from the retained austenite can also be seen. 

The occurrence of this lamellar precipitate in the 
martensite is responsible for the lack of extinction of 
the polarized light with crossed polarizers. This re- 
sponse of an etched lamellar phase to polarized light 
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As-cast 


Tempered at 400 F 
for 5 hr 





Normal light Polarized light 


Fig. 1 — Tempering at 400 F effect on the appearance of martens- 
ite in nickel, chromium white iron under polarized light. As- 
cast martensite appears dark; tempered martensite appears light. 
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Fig. 4 — Electron diffracticn pattern from ex- 
traction replica of martensitic, nickel, chro- 





mium white iron tempered at 400 F for 5 hr. 


d (obs.) 
2.39A 


2.08 
1.60 
1.37 
1.23 
1.14 


has been previously observed.* It has been found that 
extinction of the polarized light will occur only when 
the lamellar precipitate is parallel to the plane of 
polarization of either the polarizer or analyzer. 

Particles for identification of the lamellar phase 
were removed from the martensite of the sample tem- 
pered at 400 F by an extraction replica technique. 
An electron diffraction pattern obtained from the ex- 
tracted phase is shown in Fig. 4. The corresponding d 
spacings for «carbide is excellent. It is interesting to 
note that the observed spacings here compare well 
with those observed by Boswell on carbides in tem- 
pered low carbon iron.* This indicates that the tem- 
pering reactions in the white cast iron examined here 
are similar in behavior to those in irons and steels. 

The increase in toughness of the material after 
tempering at400 F apparently is due to this precipita- 
tion of ecarbide which allows the highly strained 
tetragonal lattice of martensite to relax forming cubic 
martensite. 





€ -Carbide (5) 


2.38A 
2.16 
2.08 
1.60 
1.37 
1.24 
1.16 
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SOLIDIFICATION OF 


by R. E. Spear and G. R. Gardner 


ABSTRACT 


The manner in which several aluminum alloys 
solidify has been investigated. The formation of matrix 
material and constituents was observed by metallo- 
graphic and microradiographic techniques at various 
stages of solidification. 

The procedure consisted of cooling small molten 
specimens at relatively slow rates to various tempera- 
tures within the solidification zone, then quenching in 
water. That portion of the alloy which had solidified 
during the initial slow cooling rate was distinguished 
by its relatively coarse structure from the more rapidly 
solidified material. Thus, by examining a series of 
specimens the sequence and manner in which the com- 
plete structure was formed could be established. 

The results indicated that the matrix solidified by 
forming primary dendrites and by deposition around 
constituents. The latter phenomenon appeared to be 
of a magnitude which might influence the feeding and 
hot cracking characteristics of some of the alloys. The 
dendrite shape varied with alloy composition and solidi- 
fication rate. Solid solution alloys contained more 
equiaxed and deeply fissured dendrites than alloys 
having appreciable amounts of constituent material. 
The dendrite structure became more refined and com- 
plex with increasing solidification rates. 

The grain size for all alloys investigated was estab- 
lished in the early stages of solidification. The com- 
pact dendrite form of the solid solution alloys 
apparently contributed to slightly smaller grain sizes 
for these alloys. 

For the same solidification rate, constituents which 
formed near the liquidus tended to be larger than 
constituents which formed near the solidus. 


INTRODUCTION 


Within the last 20 years, a considerable amount of 
work has been published on the solidification of 
metals.* However, there remain a number of 
unresolved questions concerning solidification. One 
reason for this is the opaque nature of metals which 
prevents visual observation of solidification except 
at free surfaces. 

The present work has attempted to describe the 
manner in which several aluminum alloys solidify 
by a technique that provides a visual indication of the 





*References are at end of the text. 
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process in a secondary manner. The technique con- 
sisted of slowly cooling small specimens to tempera- 
tures within the solidification zone and then quench- 
ing them in water. The material which solidified 
during the slow cooling period was detected in the 
solidified specimen by its relative coarseness compared 
to the material which solidified during the quench. 

A test procedure quite similar to this was used 
by M. O. Smith! for a metallographic examination 
of some aluminum alloys. The object of the present 
work differs from that of reference (1) in that the 
primary concern was the solidification process rather 
than the identification of constituents. 


PROCEDURE 


The specimens used in this work were truncated 
cones 2-in. high, tapered from 34-in. diameter at the 
bottom to 114-in. diameter at the top. The original 
stock was cast to this size in a metal mold from 
degassed, induction-melted heats. Each specimen then 
was placed in a thin-wall, cast iron crucible of similar 
dimensions and remelted in a resistance furnace. After 
melting, a thermocouple was inserted along the center 
line of the sample so that its bead was approximately 
$4-in. from the specimen bottom. The subsequent 
thermal history of the specimen was recorded through 
this thermocouple on a single-point, continuous 
recorder. 

Each specimen was heated to 1400 F, cooled to a 
selected temperature at a controlled rate, then 
quenched immediately to room temperature in tap 
water. The temperatures from which the specimens 
were quenched were selected from a typical cooling 
curve of each alloy examined. Approximately ten 
temperatures were investigated for each alloy. Of 
these conditions, the more interesting and revealing 
have been incorporated in this paper. 

Two cooling methods were followed. One schedule 
consisted of furnace cooling followed by a room tem- 
perature water quench. The second schedule consisted 
of air cooling plus a water quench. The cooling rate 
in the furnace, as measured just above the liquidus, 
was approximately 0.03 F/sec. The rate of cooling in 
air was approximately 3.0 F/sec. 

The cross-section of each casting was examined 
microradiographically and metallographically. The 
microradiographs were made with copper radiation 
using 0.010-in. thick specimens. The cross-sections were 
taken immediately below the thermocouple bead so 
the thermal history might be known accurately. 
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Tie chemical compositions of the alloys investigated 
are jisted in Table 1. 


RESULTS AND DISCUSSION 


The sequence and manner in which the alloys 
solidified is illustrated in Figs. 1 — 4. Accompanying 
each: figure is a cooling curve typical of the 0.03 F/sec 
cooling rate. The temperatures from which specimens 
were quenched into water are indicated on the curves. 
The microstructures of the resulting specimens are 
shown along with curves pictured, numbered to corre- 
spond with the point on the cooling curve from 
which they were quenched. 

In the following discussion, the metallurgical struc- 
ture has been divided into matrix and constituents. 
The term constituent in this regard includes all metal- 
lic material excepting the aluminum solid solution. 


Matrix 


A large amount of the matrix material solidified in 
the normal dendritic fashion. The first micrograph in 
all of the figures illustrates the early formation of this 
dendritic material. 


It is to be expected that the dendrites will vary 
with changes in the solidification rate and the alloy 


Fig. 1 — Solidification sequence for alloy 220 when slowly 
cooled to the indicated temperatures and water quenched. 
Each newly occurring constituent is circled, and its designation, 
plus that of all preceding constituents, is listed below the 
micrograph. Etch 0.5% HF. 50 X. 






TABLE 1— CHEMICAL COMPOSITION 





Alloy No. and Composition, % 








Element 220 142 319 $55 
CP nite xcres Feo 0.01 4.35 3.49 1.14 
a a 0.13 0.37 0.72 0.21 
Ps”. d0Mad« uteeatatre 0.10 0.38 6.10 4.90 
_ Papa et 0.02 0.03 0.52 _ 
geome 10.4 1.32 0.23 0.50 
te ied ase seeena <0.02 0.04 0.40 0.02 
BE Spates. tees _ 2.03 0.14 - 
Wh sovaiscee bee 0.01 0.12 0.11 0.13 
Be as acu S athe bee _ _ = 0.001 
UR cscs cusWns cre 0.001 — _ 0.001 
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composition. The manner in which several features 
of dendrites are affected by solidification rate has 
been discussed at length in the literature. Rhines and 
Alexander‘ showed that increasing solidification rates 
decreased the spacing between the arms and decreased 
the unit cell size. Figure 5(A) is a reproduction of a 
drawing from reference (4) which schematically illus- 
trates this. 

The same conclusions have been expressed by 
Fridlyander? in a recent Russian symposium on 
crystal growth. Figure 5(B) illustrates some curves 
from Fridlyander, indicating the effect of solidification 
rate on dendrite spacing and stem width. 
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The present work substantiates the reported da 
concerning the refinement of the dendrite which 
associated with increased solidification rate. }., 
example, the first micrographs in Figs. 1 to 4 sh. 
the considerable difference in refinement betw: «1 
the dendrites formed during the initial slow cooli:, 
compared to those solidified during the water quen: |. 

Table 2 lists numerical values for the size of de .:- 
drite cells formed during two cooling rates. As can |e 
seen, the effect of cooling rate was considerable {»r 
all of the alloys investigated. 
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Alloy Composition Effect 


The effect of alloy composition upon the dendrite 
refinement is indicated only in a broad sense in this 
work. As shown in Table 2, when the four alloys 
were cooled at the same rate, the dendrite cells were 
only slightly different. The small variation which did 
exist was such that the alloys with higher soluble ele- 
ment content usually contained smaller cells. However 


Fig. 2 — Solidification sequence for alloy 142 when slowly 
cooled to the indicated temperatures and water quenched. 
Each newly occurring constituent is circled, and its designa- 
tion, plus that of all preceding constituents, is listed below 
the micrograph. Etch 20% H2SO,4 at 70 C (158 F), followed by 
0.5% HF. 50 X. 
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Fig. 3 — Solidification sequence for alloy 319 when slowly 
cooled to the indicated temperatures and water quenched. Each 
newly occurring constituent is circled, and its designation, plus 
that of all preceding constituents, is listed below the micro- 
graph. Etch 20% HeSO, at 70C (158 F), followed by 0.5% 
HF. 50 X. 


the influence of solidification rate was considerably 
more prominent. 

The dendrite form also depended upon alloy compo- 
sition and solidification rate. An illustration of the 
variation in dendritic form with alloy composition 
may be seen by comparing the first micrographs of 
Figs. 1 and 3. Alloy 220 dendrites grew in an equiaxed 
manner with fine interdendritic channels and con- 
siderable secondary growth. In contrast, the dendrites 
for alloy 319 had extensive growth along the primary 
stem and limited secondary growth. The interden- 
dritic channels for alloy 319 were quite broad. 

This difference in form probably was associated 
with the availability of solid solution material in the 
immediate vicinity of the growing dendrite. If solid 
solution material is readily available, the dendrite 
May grow extensively about the central cell. When 
this is not true, a concentration of insolubles about 
the dendrite centet forces growth along the primary 


stem. 












y, 
; 





TIME - MINUTES 


The dendrite form also was influenced by the solid- 
ification rate. This effect is illustrated by the micro- 
radiographs in Fig. 6. The considerably more complex 
structure of the rapidly solidified dendrites is appar- 
ent. The rapidly cooled dendrites had extensive sec- 
ondary and tertiary growth. In contrast to this, the 
slowly cooled specimen consisted of a primary stem 
with relatively short, broad secondary branches. 


Matrix Layer Growth 


To this point all of the discussion has concerned 
dendritic growth. The matrix also was composed of 
material which solidified in layers around constituents 
rather than in the “tree-like” form normally associat- 
ed with dendritic growth. This type of solidification 
is illustrated in the second micrograph of Fig. 3. The 
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a(Al-Fe-Si) constituent is shown surrounded by an 
aluminum solid solution layer. 

Subsequent micrographs in the same series show 
the thickening of the layer surrounding the constit- 
uents as solidification proceeded. After the constit- 
uents are completely surrounded, the solid solution 
layer then begins to exhibit the usual cellular struc- 
ture of dendritic growth. 


Matrix Grain Formation 

Another aspect of the matrix which is a part of the 
solidification subject is the formation of grains. The 
grain sizes of specimens quenched from various tem- 
peratures within the solidification zones are shown 
in Fig. 7. As can be seen, the grain sizes were estab- 


Fig. 4 — Solidification sequence for alloy 355 when slowly 
cooled to the indicated temperatures and water quenched. 
Each newly occurring constituent is circled, and its designation, 
plus that of all preceding constitjients, is listed below the 
micrograph. Etch 20% HoSO, at 70C (158 F), followed by 
0.5% HF. 50 X. 


lished after a relatively small amount of cooling below 
the liquidus temperature. Alloys 142 and 319 had 
essentially the same grain size regardless of the quench- 
ing temperature. Alloys 220 and 355 reached a maxi- 
mum grain growth within 20 F of the liquidus. 

An explanation for the early establishment of grain 
size is shown in Fig. 8. The specimen in Fig. 8 was 
cooled slowly to 1 F below the liquidus and quenched 
in water. Although virtually all of the solidification 
occurred during the water quench, this specimen had 
an average grain size comparable to a specimen cooled 
slowly throughout its entire solidification range. Ap- 
parently, the dendrites which formed during the initial 
slow cooling acted as, starting points for the growth 
of material solidified during the quench. 

These initial dendrites provided such excellent 
nucleating points that effective new nuclei were not 
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developed during the quench. Therefore, the grain 
size was the same as though the specimen had con- 
tinued to cool slowly to the solidus. In the enlarged 
view of Fig. 8 the growth of small dendrite cells upon 
the large initjal cells is illustrated. 


Composition-Grain Size Relationship 

There appears to be a relationship between alloy 
composition and grain size which is connected with 
the dendrite form. It was shown earlier in this paper 
that alloys of high solid solution content solidified 
with dendrites which developed in a compact equiaxed 
manner about the nucleus. By contrast, alloys charac- 
terized by appreciable solidification near the solidus 
exhibited more linear growth along the primary stems. 
Figure 9 illustrates how these differences in dendrite 
growth patterns may influence the grain size. 

Both specimens shown in Fig. 9 were slowly cooled 
until about 25 per cent solids had formed and then 
were quenched. The alloy with high insoluble content 
(319) shows dendrites with long primary stems. The 
solid solution type alloy (142) contained dendrites 
with compact growth about the central cell. Since 
the grain size is determined by the average dendrite 
size, the solid sqlution alloys would tend to have 
smaller grains than alloys with high insoluble content. 


Obviously, other factors, and especially the rate of 
nucleation, have a considerable influence upon grain 
sizes. However, the effect of dendrite form upon grain 


oO o o 


i@ tf?) Oo 


INCREASING TIME 





x 
oa 
Pas 
oe 











: 
se 
J 


—_—___—_» 


INCREASING SOLIDIFICATION RATE 
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RATE OF SOLIDIFICATION 


Fig. 5 — Solidification rate effect upon dendrite growth 
as indicated schematically by A), top, reference 4 and 
B), bottom, reference 7. 


TABLE 2— INFLUENCE OF SOLIDIFICATION 
RATE ON DENDRITE REFINEMENT 








Cooling Rate,* Dendrite Cell Size, 

Alloy F/sec in. 
BED N25 sale ioe. om eee 3.2 0.0023 

0.03 0.0058 
Mee ee 3.3 0.0022 

0.03 0.0055 
Ree ory ne 2.5 0.0022 

0.03 0.0065 
SD. -s0. sas) icgs 5 aes eae 2.8 0.0027 

0.03 0.0070 


* Measured just above liquidus. 








Fig. 6 — Solidification rate effect upon dendrite 
form as illustrated by microradiographs of 0.010 in. 
thick specimens of alloy 319. Specimen A (top) 
cooled at 3.0 F/sec, contains much finer celled and 
more complex dendrites as compared to specimen 
B (bottom) at 0.03 F/sec. Copper radiation. Dense 
material appears light. 25 X. 
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TEMPERATURE BELOW LiIQUIDUS —*F 


Fig. 7 — Grain size of specimens which were cooled 
slowly to the indicated temperatures below liquidus 
and quenched in water. 





Fig. 8 — Early establishment of grain 
size as illustrated by a specimen of alloy 
319 which was slowly cooled to 1F be- 
low liquidus and water quenched. The 
8 X macrograph shows the large celled 
dendrites which were formed during 
slow-cool, acting as nuclei for the grains. 
The area outlined in the macrograph is 
shown at 50 X to illustrate the relation- 
ship between the slowly and rapidly 
solidified dendrite cells. Keller’s etch. 


Fig. 9 — Mode of dendrite growth effect upon the grain Specimen B (bottom) illustrates the relatively small 
size as illustrated by microradiographs of two alloys. greins formed by the compact type of dendrite growth in 
Specimen A (top) shows the large grains formed by the solid solution type alloys such as 142. Copper radiation. 
extensive primary growth common to alloys such as 319. Dense material appears light. 10 X. 











size may help to explain the difficulty in obtaining 
fine grained material in alloys such as 319 and 355, 
eve. with large additions of grain refiner. 


Corstituents 


The solidification of constituents during cooling is 
shown in Figs. | — 4. As with the matrix material, 
the constituents which solidified during slow cooling 
were distinguishable by their coarseness from the con- 
stituents which solidified during the water quench. 
In each figure, the micrograph in which a constituent 
first appears is denoted by circling the constituent. 
The constituent identification is listed below the 
micrograph along with the constituents which pre- 
viously have solidified. 


It should be emphasized that this paper has been 
concerned with the influence of solidification upon 
the appearance of constituents and other structural 
features, and that it has not attempted to substantiate 
the commonly accepted constituent identifications. 


An important factor controlling the constituent 
form is the temperature within the solidification zone 
at which the constituent solidifies. Constituents which 
solidify near the solidus generally are restricted in 
growth by the material already solid. Constituents 
which solidify near the liquidus have considerably 
more freedom of growth. 


Examples of constituents which solidify toward the 
end of solidification include a(Al-Mg) in alloy 220 
and (Al-Cu) in alloys 142, 355 and 319. These con- 
stituents usually were of a shape similar to the liquid 
pools from which they solidified. Since these pools 
were relativtly small even in slowly cooled material, 
constituents generally were small. 


Examples of high melting temperature constituents 
are a(Al-Ni) in alloy 142 and a(Al-Fe-Si) in alloy 
319. Since these constituents began solidification prior 
to the establishment of an interdendritic network, 
growth was unrestricted. As a result, these con- 
stituents were free to become quite gross during 
slow solidification. 


Intermediate Temperature Solidification 


Some constituents solidify at temperatures where a 
dendritic network has formed, but large pools of 
liquid metal are still present. Examples of constituents 
which solidify at these intermediate temperatures are 
(Mg-Si) and a@(Al-Fe) in alloy 220, (Al-Cu-Ni) in 
alloy 142, and the Si constituent in alloy 319. These 
constituents generally are similar to the high tempera- 
ture constituents with respect to growth. 


An example of the influence which this factor has 
upon the constituent form is illustrated by the Si 
constituent in alloys 319 and 355. In alloy 319 (Fig. 3) 
the silicon constituent solidified from large molten 
pools of metal. Therefore, the silicon particles were 
relatively gross aggregates. In alloy 355 (Fig. 4) the 
silicon particles did not begin solidifying until only 
small interdendritic channels remained. In this case, 
the silicon particles usually formed small groups of 
needles. 











Fig. 10 — Solidification rate effect upon constituent 
size. A (top) was solidified at 2.5 F/sec (150 X ), while 
B (bottom) was solidified at 0.03 F/sec (50 X). The 
magnification of the micrographs has been adjusted so 
the fine matrix appears to be the same degree of refine- 
ment. Alloy 319. Etch 20% HeSOx,. 


The rate of solidification also may affect the refine- 
ment of the constituents. The degree of refinement 
associated with increased solidification rates varies in 
a general manner with the temperature at which the 
constituents solidify. The constituents which solidify 
during the earlier stages are more affected by changes 
in rate than are the constituents that solidify later. 


Rapidly cooled and slowly cooled specimens of 
alloy 319 illustrate this effect in Fig. 10. The magnifi- 
cations were adjusted in this figure so that the den- 
dritic matrix appeared to have the same level of 
refinement for both specimens. Despite the magnifi- 
cation adjustment, the high temperature constituent, 
a(Al-Fe-Si), of the slowly cooled specimen was con- 
siderably larger than the same constituent in the 
more rapidly cooled specimens. The Si constituents, 
which solidify at an intermediate range, were slightly 
larger. The (Al-Cu) constituents, which solidify near 
the solidus, were approximately the same in both 
micrographs. 


Feeding and Hot Cracking 


Constituent material has been credited with having 
an influence upon feeding and hot cracking. The 








Fig. 11 — Association of voids with the q(Al-Ni) constituents in alloy 142 as 
shown by a microradiograph of a 0.010 in. thick section. Voids appear dark. 25 X. 


observation that the high temperature constituents 
are enveloped in solid solution immediately upon 
solidifying adds credulity to this. The solid solution 
envelope would be expected to increase the constituent 
size and to weld quite easily to dendrite arms. This 
would tend to form a coherent network earlier or a 
stronger network. The relationship between the tem- 
perature at which this network formed, and the 
strength of the resulting network, would determine 
whether the constituents increased or decreased the 
resistance to hot cracking. 

The presence of an envelope about the constituents 
might influence feeding in that the larger size would 
present a considerably more effective dam to the 
passage of feed metal. An illustration of this is shown 
in Fig. 11. The microradiograph of alloy 142 shows 
the porosity associated with the a(Al-Ni) constituents 
in a slowly cooled specimen. It will be noted that 
the voids appear to be more closely related to the 
enveloped a(AI-Ni) constituents than to the primary 
dendrites. The action of the solid solution envelope 
in increasing the effective size of the constituents also 
is apparent in Fig. 11. 


CONCLUSIONS 


1) The matrix of the alloys investigated was formed 
by growth of primary dendrites and by deposition 
of solid solution material around constituents. 

2) The dendrites were refined considerably by in- 
creasing the solidification rate. The effect of alloy 
variation upon the dendrite cell size was slight. 

3) The dendrite form depended upon alloy content 
and solidification rate. Alloys in which large 


amounts of solid solution material were available 
immediately below the liquidus formed compact 
dendrites. Alloys containing considerable constit- 
uent material formed dendrites developed mostly 
along the primary stems. For all alloys, the amount 
of secondary and tertiary growth increased with 
increasing solidification rates. 


4) The grain size was established immediately below 


the liquidus for all alloys. The influence of alloy 
composition upon the form of the dendrite, as 
mentioned in conclusion (3), also tended to re- 
duce the size of the grains for solid solution type 
alloys as compared with alloys having appreciable 
solidification near the solidus. 


5) Constituents which solidified near the liquidus 


1 


tended to be larger than constituents which solidi- 
fied near the solidus. They also changed size more 
readily with variation in solidification rate. 
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DENSITY—SAND GRAIN DISTRIBUTION 


EFFECT ON PHYSICAL PROPERTIES 


ABSTRACT 


The AFS Sand Division Basic Concepts Committee 
work on sand density is presented, showing results of 
several researchers working with various sands. Sieve 
fraction densities, sand distribution effect on density 
and grain distribution effect on density and physical 
properties are presented. 


INTRODUCTION 


This report has been prepared in order that the 
work of the AFS Sand Division Basic Concepts Com- 
mittee, on density,* may be summarized, definite 
conclusions resulting from this study be listed and an 
analysis made of the data collected. 


Some of the data referred to in this report have 
been published, but a great deal of significant data 
have not. Feeling that it is time to bring all of these 
data together in order that much valuable time on 
the part of committee members shall be published, 
the writer has taken the liberty of using this data in 
a manner perhaps not originally intended but with 
interesting results. 

While the committee has not as yet standardized on 
a method of density determination for unbonded 
sands, this was not deemed necessary to this paper. 

The following phases will be covered: 


1) Density of sieve fractions of clay free sands. 


2) Sand distribution and its effect on density of clay 
free sands. 


3) Effect of grain shape on density of clay free 
sands. 


4) Effect of distribution on density and physical 
properties of clay, water and silica mixtures. 


DENSITY OF SIEVE FRACTIONS 
OF CLAY FREE SANDS 
The majority of this work was reported by Heine 
and Seaton, and it is only necessary to show here 
the conclusions resulting from this investigation. 


1) Density of sieve fractions decreases as fineness 
increases, regardless of the method used for com- 
paction when high purity silica sand grains are 
used. 


*Density as referred to in this paper is “bulk density” of the 
sand mass. 


T. W. SEATON is Sales Mgr., America Silica Sand Co., Ottawa, 


by T. W. Seaton 


2) The density of sieve fractions increases as fine- 
ness decreases, regardless of the method used for 
compaction. 


oo 
~~ 


Presence of iron oxides or other heavy minerals 
in sands has the effect of increasing density of the 
fractions beyond the densities obtained for com- 
parable fractions of relatively pure sands. 
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Regardless of the size and shape of the unbonded 
sand grains, the relationship between compacting 
energy and density remains the same. This, of 
course, is true of sands relatively free of non- 
silica particles. 


5) As fineness of the fractions increased, maximum 
density was achieved with less applied jolting 
energy. 


6) After maximum density was reached, additional 
application of energy resulted only in a reduction 


of density of the mass. 


— 


7) Vibration resulted in higher densities than those 
obtained by jolting or ramming. 


8) This study was not intended to evaluate the de- 
sirability of using either high or low density sands 
in foundry operations. 

9) The curves relating density to sieve fraction (Figs. 
4 through 8) provide a profile view of the purity 
of the sand and its packing behavior. Any marked 
deviation from the curve for pure silica particles 
indicates an important change in the sand such 
as purity, particle shape or porosity. 


SAND DISTRIBUTION AND ITS EFFECT 
ON DENSITY OF CLAY FREE SANDS? 


1) Thirteen sands were designed for this study, and 
working samples were prepared by blending var- 
ious sieve fractions to achieve the desired analysis. 

2) Eight commercially available sands ranging from 
31 to 80 AFS Grain fineness number (Gfn) were 
obtained and subjected to the same studies as 
those sands used in Part ]. 


Design Sands 


Table 1 shows the design and actual analysis of 
the 13 synthetically prepared distributions. 

For sands | through 7, the U.S. Series Sieve No. 
70 was used as the pivotal sieve, and the distribution 
was spread using it as the “‘peak” sieve. The purpose 
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here was to determine the effect of uniformly broad- 
ening the distribution on both sides of the “peak” or 
pivotal sieve. This gave, as the distributions broad- 
ened, sands similar to those in use in foundries. 

The jolted dry density data obtained for these 
sands are shown in Table 2. 

It can be seen upon examination of the data that 


TABLE 1— DESIGN ANALYSIS 























Sand No. 1 2 3 4 5 6 7 8 9 10 ll 12 13 
US. Series 
Sieve No. % Retained on 
20 5 
30 5 10 5 
40 5 5 15 20 20 20 
50 50 30 so) 6065 40 30 30 
70 100 50 50 40 3so.60lDO 0 0 40 40 40 40 
100 50 3” x 68S 40 30 30 
140 5 15 5 20 20 «20 
200 5 10 5 
270 5 
Pan 
Actual Analysis 
Sand No. 1 2 3 4 5 6 7 8 9 10 #1 12 13 
US. Series 
Sieve No. % Retained on 
20 0.09 481 


30 0.60 4.90 965 4.28 
40 0.04 2.40 49.74 030 520 56 15.30 020 0.10 0.09 19.93 20.84 19.53 
50 260 45.19 45.54 29.30 29.90 162 29.70 1.90 1.70 1.59 39.77 30.11 30.24 
70 93.90 45.09 3.80 87.45 28.15 27.8 27.40 34.74 34.23 35.36 35.97 35.27 36.75 
100 $30 7.20 0.30 27.95 26.95 26.4 15.20 37.03 28.02 2827 3.70 344 3.74 
140 0.14 0.10 020 5.00 940 176 7.20 23.52 23.02 2267 030 028 0.35 
200 0.04 002 040 58 030 240 12.11 7.09 0.10 0.19 0.08 
270 0.01 0.4 0.10 0.70 4.79 0.10 0.09 0.08 
Pan 0.01 0 0.10 0.10 0.09 0.10 0.08 
AFSGin 505 625 488 55.1 564 67.7 494 715 79.1 806 434 410 41.1 








as the distribution is broadened around the pivotal 
sieve, the density of the sands increases. It is reason- 
able to expect that this would hold true regardless 
of the choice of the pivotal sieve. If the pivotal 
sieve chosen is coarser than the one used in this 
work, the densities will run higher than those shown 
in Table 2. If the pivotal sieve chosen is finer than 
the one used in this work, the densities will be 
lower. This, of course, applies to sands having dis- 
tributions comparable to those used in this work. 

For sands 8 through 13, the U.S. Series Sieve No. 
70 was again used as the pivotal sieve but the dis- 
tribution was broadened one sieve at a time, first 
to the fine side and then to the coarse side. 


TABLE 2— DENSITY DATA JOLTED DRY DENSITY 
(LB/CU FT) 











Sand No. 1 2 3 4 5 6 7 
No. of 

Jolts 

5 94.37 95.82 97.57 99.46 99.34 101.94 


10 94.35 95.20 96.83 98.26 100.00 100.23 103.06 
15 95.00 95.87 97.18 98.79 100.54 101.14 103.63 
20 95.65 96.01 9769 99.13 101.10 101.89 104.21 
25 95.98 96.11 97.86 99.80 101.46 102.06 104.21 


Sand No. 8 9 10 11 12 13 


No. of 
Jolts 


5 95.96 96.31 97.52 97.06 98.63 98.86 
10 96.46 98.07 98.60 98.06 99.30 99.68 
15 96.63 98:62 99.14 98.74 99.82 100.02 
20 96.98 98.80 99.51 99.08 99.98 100.53 
25 96.98 99.17 99.70 99.25 100.33 100.53 











As the distribution was broadened to the fine sie, 
the density, under all conditions of jolting, increased. 
As the distribution was increased to the coarse sie, 
the density also increased. 

High Densities 

The fact that the higher densities were obtaivcd 
when the distribution was broadened to the coa»ser 
side is explained by the fact that coarser sands \ jl] 
result in higher densities than the finer sands. This 
was proved in the studies of densities of sieve {)ac- 
tions.1 Coarser sands have larger and fewer voids 
than finer sands which, though the voids are smaller, 
contain many more voids. This then, accounts for 
the higher densities obtained with coarse sands. 

In Table 3 is shown the sieve analysis of eight 
commercially available sands used in this study. Table 
4 shows the density data obtained on these eight 
sands. The purpose of this phase of the investigation 
was to show that basically, as the AFS Gfn of sands 
increase, the density decreases. While sand 14 did not 
follow the expected pattern, this can be explained 
by the fact that its distribution was not as broad as 
the distribution of sand 15. Had the distributions 
been similar, sand 14 would have had the highest 
density. Reference to the data show that as the Grain 
Fineness number increases, the density decreases. For 
sands of similar distributions this may be expected. 

In conclusion, the following two statements may 
be applied to clay-free sands: 


1) There is direct relationship between AFS Gfn 
and median grain size, and it is this “median size” 
which determines whether the density of a given 
sand will fall in the high or low range. 

2) For a sand having a given “median size,” density 
may be increased by broadening the distribution. 
The broadening may be done to either the fine 
or coarse side of the distribution or in both direc- 
tions simultaneously, and a sand of higher density 
will result. Broadening to the coarse side has a 
greater effect on density than boadening the dis- 
tribution to the fine side. 


GRAIN SHAPE EFFECT ON DENSITY? 


The final phase of the study of density of clay 
free sands was to determine the effect of grain shape 
on density. 

Three sands of round, subangular and angular 
shape were prepared for this investigation. The sieve 


TABLE 3— COMMERCIALLY AVAILABLE SANDS 
— SIEVE ANALYSIS 








Sand No. 14 15 16 17 18 19 20 21 
U.S. Series 
Sieve No. 
20 2.2 0.8 
30 24.9 8.6 2.1 1.05 
40 474 268 183 10.50 2.8 2.3 12 0.2 
50 19.8 306 316 2605 215 149 104 2.5 
70 49 174 224 2963 348 292 30.2 6.5 
100 15 102 154 19.75 243 30.7 359 46.7 
140 0.4 4.7 7.7 9.77 124 17.1 174 $22 
200 1.0 2.0 2.63 3.4 4.8 4.2 9.6 
270 0.9 0.2 0.4 0.52 0.7 0.9 06 2.1 
Pan 0.1 0.1 0.10 0.1 0.1 0.1 0.2 


AFS Gfn 31.3 447 52.1 572 62.7 68.7 69.5 80.4 
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anaivsis and densities obtained for these sands are 
shov.n in Table 5. 
Fiom the data shown in Table 5, it may be con- 


TABLE 4— JOLTED DRY DENSITY (LB/CU FT) 





Sand 
No. 14 15 16 17 18 19 20 21 








No. of 

Jolts 

> 106.40 107.67 106.75 105.82 104.40 103.00 102.43 101.24 
10 108.18 109.04 108.33 107.38 106.29 104.66 103.93 102.77 
15 108.80 110.03 109.14 108.36 107.27 105.81 105.09 103.54 
20 109.62 110.64 109.96 108.93 108.06 106.39 105.29 104.33 
2% 109.84 111.25 11058 109.37 108.66 106.97 105.88 104.73 





cluded that rounded grained sands develop highest 
densities, angular grains next and subangular grains 
the lowest. It is reasonable to expect that the rela- 
tionship will hold true regardless of the distributions 
of the sands, as long as when they are being com- 
pared the distributions are similar. 

Throughout the work on density, comparisons have 
been made between high and low density sands. It 
is important to keep in mind that the densities re- 
ferred to are those of clayfree sands and not bonded 
sands. The studies do not make any attempt to rec- 
ommend either high or low density sands in actual 
foundry practice. This is the subject of work to be 
conducted later. 


DISTRIBUTION EFFECT ON DENSITY AND 
PHYSICAL PROPERTIES OF SAND, 
CLAY AND WATER MIXTURES 
During the work on density of clay-free sands two 
investigators?-4 collected additional data on sand, 
clay and water mixtures. These data have provided 
some extremely useful information relating density, 
sand distribution and physical properties. In addi- 
tion, two other researchers5-® have recorded data on 

sands of varied distributions. 

The writer has taken the liberty of using the data 
provided by these researchers to arrive at some in- 
teresting conclusions. The value of these data is 
especially enhanced by the fact that it was obtained 
by four different researchers working under different 
conditions and with different objectives in mind. 

In Table 6 are shown the data collected by Rose,’ 
Pedicinit and Rowell.6 Only the data obtained by 
these researchers pertinent to this paper are shown. 

The first data to be considered were prepared by 
Rose. Two conditions are shown here— 1) the com- 
parison of physical properties of a broad and narrow 
distribution of a rounded grained sand, and 2) the 
comparison of physical properties of a broad and 
narrow distribution of a subangular grained sand. 


Physical Properties Obtained 
The physical properties obtained for these sands 
are shown below the sieve analysis for these sands. 
All four of these sands were mulled, bonded and 
tempered in the same manner. 
By comparing the physical properties of the nar- 
row and broad distributions, it can be seen that for 
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both round and subangular sands, the broad distribu- 
tion gave the higher physical properties. 

A comparison of the properties of the round and 
subangular sands shows that round grained sands 
gave higher physical properties than subangular 
grained sands. 


TABLE 5— GRAIN SHAPE EFFECT ON DENSITY 








US. Series 
Sieve No. Angular Subangular Round 
40 3.2 1.9 2.6 
50 88.6 87.5 86.7 
70 8.2 10.6 10.6 
100 - 0.1 0.1 
AFS Gfn 40.5 40.9 40.8 
Specific Gr. 1.445 1.403 1.588 
% Solid 54.5 53.0 59.9 





The fact that permeability for the round grained 
sands is lower than for subangular is explained by 
the fact that rounded grains will compact more 
tightly than subangular grained sands under the same 
compacting energy. 

Rowell prepared two sands of similar AFS Grain 
fineness number, but with considerable difference in 
the distributions. An examination of the data shows 
that the more broadly distributed sand developed 
the higher physical properties. Both sands were 
mulled, bonded and tempered alike. 


Other Studies 

Pedicini studied a wide range of sands which were 
commercially available. His primary interest was the 
study of density. However, he did report some data 
on bonded sands, (clay and water) and two of the 
sands are shown in Table 6. The AFS Grain fineness 


TABLE 6— DATA FROM OTHER RESEARCHERS 














ROSE 
US. Series Rounded Grain Subangular Grain 
Sieve No. Narrow Broad Narrow Broad 
A 5:5 Shade taviwivessae 
EY CMs eee = 
Cdeicencditesedevowil 1.2 0.2 12 09 
TK h44 buevegives scuyeats 80.6 42 80.4 98 
C—O eee 18.2 29.0 18.8 $2.7 
_. SO rere 48.2 39.4 
ee 12.4 13.7 
SSR FRR re 3.8 3.3 
SL 5h ash de akssbeate te 2.0 03 
PE dbeescadeva chsowens 0.2 0.1 
8, Orr 41.7 72 419 67 
Green Compr. .......... 68 78 5.1 54 
Mold Hardness ......... 85 85.5 85 84 
i, Se 350 92 435 148 
be. ee 68 100 50 60 
CO BE kc ecasneane 2.2 $.15 15 2.1 
Hot Strength at 2000F . .150 305 150 240 
US. Series ROWELL PEDICINI 
Sieve No. Narrow Broad Narrow Broad 
ere ets 0.22 
ima isink tps oy ceasing 12 2.68 
EE a 12.1 13.70 
EE ean ee 12 21.7 34.12 33.70 
, ee eer yrere 30.0 19.6 48.50 31.20 
DE vdccvestvnsascosases 52.4 15.5 15.02 12.28 
Des tadtheateawediie 13.8 15.8 2.26 5.34 
SSIES Eee 22 9.9 1.42 
BR ck wtishecssuews 04 3.1 0.72 
DOR ee crer<ndens degene ll Unbonded 0.76 
BEE Soni<enesianees 70 74 Dry % Solid 51.7 51.4 
Green Compr. .......... 66 8.08 Bonded % 61.9 66.7 
Mold Hardness ......... 87 8 Solid 5 Rams 56.5 56.5 
Green Perm. ........... 100.5 69.7 GreenCompr. 6.7 119 
Hot Strength at 2000F . .230 308 

















TABLE 7— DATA FROM McQUISTON 








% Retained on 
Distribution 
No. 2 5 4 5 6 7 8 9 
US. Series 
Sieve No. 
20 
30 15 08 
40 15.7 18.7 15.1 
50 50.5 HQ 21.0 129 12.9 14.1 
70 “42 218 179 510 $2.7 215 
100 78 10.2 14.0 25.6 $2.4 21.4 94 144 15.9 
140 12 55 90 6.0 116 178 48.7 37.0 22.5 
200 0.3 19 10.8 35 49 123 30.2 258 195 
270 09 48 06 14 43 64 10.6 82 
Pan 02 2.0 4.7 0.4 21 5.0 44 114 18.9 
AFS Clay 0.1 52 20 2.0 36 09 08 146 
Torat 100.0 99.9 100.1 100.0 100.0 100.0 100.0 100.0 100.0 


AFS Gin 44.78.5448 «81.20 «61.88 ~—78-21««98.35 124.68 139.72 157.68 





number of the two sands is identical. A difference in 
green compression is shown. The more broadly dis- 
tributed sand shows the higher green compressive 
strength. Green compression was the only physical 
property other than density reported by Pedicini. 


In Tables 7 and 8 are recorded some of the data 
prepared by McQuiston,5 and it is quite comprehen- 
sive. Shown here are three series of distributions 


TABLE 8 — DATA FROM McQUISTON 








Distri- Squeeze Compressive Specimen 
bution Pressure, Moisture. Strength, Permea- Hard- Weight, 

No. psi % psi bility ness gms. 
1 50 5.7 3.9 290 69 158.0 
100 43 237 74 163.2 

150 4.1 218 76 165.6 

200 44 202 78 166.6 

2 50 52 4.1 196 72 165.0 
100 5.2 148 78 168.5 

150 62 126 81 171.0 

200 6.7 112 82 173.0 

3 50 5.0 4.0 76 73 167.0 
100 6.4 54 79 1706 

150 7.7 47 82 1729 

200 8.5 45 84 1750 

4 50 5.2 3.3 142 72 158.2 
100 3.7 117 77 162.0 

150 3.8 108 78 164.7 

200 4.0 103 78 165.9 

5 50 5.2 4.1 106 74 166.2 
100 5.2 82 78 169.1 

150 59 71 80 171.8 

200 62 67 82 172.8 

6 50 52 45 66 74 164.5 
100 5.6 53 80 168.8 

150 65 46 83 1712 

200 72 45 84 173.8 

7 50 53 3.1 59 66 144.9 
100 3.8 50 73 148.4 

150 42 46 75 151.3 

200 4.5 44 77 152.9 

. 50 52 3.0 52 65 143.9 
100 3.7 45 71 1478 

150 43 41 75 150.7 

200 46 38 76 152.8 

9 50 52 49 28 75 154.4 
100 7.1 12 82 162.1 

150 9.1 9 85 166.8 

200 10.2 8 87 170.3 





prepared by McQuiston. Others were prepared and 
are reported in his paper, and the relationship to 
be described below holds true in all cases. 

In the case of McQuiston’s data, for each set of 
sands, the “peak” sieve remains the same and the 
distribution is broadened to either side. 


The sands were mulled, bonded and temperec in 
the same manner. 

In series 1, the peak sieve is the U.S. Series Si-ve 
No. 50. In series 2, the peak sieve is the U.S. Se ies 
Sieve No. 70 and in series 3, the U.S. Series Si-ve 
No. 100 is the peak sieve. 

Data were taken at different squeeze press: res 
which resulted in varied mold hardness readings on 
the 2x 2 specimens. 

By comparing green compressive strengths of the 
three sands in each series at the same mold hardness, 
it can be seen that the sands of broadest distribution 
give the higher green compressive strengths. 

This relationship holds true regardless of the 
“peak” sieve involved. It does appear, however, that 
the difference is not as great when sands of relatively 
large AFS Grain fineness numbers are considered. 
However, a difference still does exist. 


CONCLUSION 

While the physical properties of the sands herein 
reported have not been studied under all conditions 
and in all temperature ranges, it does appear that 
there is enough information to indjcgte a trend. 

In the writer’s opinion, additional data should be 
obtained covering all conditions of use, range of 
temperatures and use of various bonding materials. 

Based on this study, the following conclusions may 
be made: 


1) When comparing sands of similar AFS Grain fine- 
ness number, the sand with the broadest distribu- 
tion will develop the higher physical properties 
when the sands are mulled, clay bonded and tem- 
pered to the same conditions. 


2) When sands with the same “peak” sieves are com- 
pared, the sand with the lowest peak (broadest 
distribution) will develop the higher physical 
properties when they are mulled, clay bonded and 
tempered to the same conditions. 
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APPARENT THERMAL CONDUCTIVITY 


OF MOLDING SAND AT 


ELEVATED TEMPERATURES 


ABSTRACT 


Direct experimental observations of the apparent 
thermal conductivity of molding sands were made over 
the temperature range 900 to 1800 F (482-982 C) with 
a steady-state method which utilizes a cylindrical test 
specimen and a centrally located, silicon-carbide heat- 
er. The experimental curve of the apparent thermal 
conductivity of a synthetic silica molding sand versus 
temperature exhibited certain pronounced character- 
istics: 

1) A decreasing conductivity with increasing temper- 
ature below 1100 F (593C). 

2) A shallow minimum between 1100 and 1500F 
(593-815 C). 

3) A sharply rising conductivity with increasing tem- 
perature above 1500 F (815C). 

Temperature-behavior of the apparent conductivity 
was interpreted in the light of a proposed model which 
considers heat transfer through the molding sand con- 
taining small, isometric pores to occur by radiative- 
heat transfer across pores and solid grains as well as by 
pure thermal conduction through the solid phase itself. 
At temperatures below 1100 F lattice conduction pre- 
dominates; whereas at temperatutes in excess of 1500 F 
radiative-heat transfer across both pores and sand 
grains contributes significantly to the total heat flow. 

Calculations of the apparent thermal conductivity 
based on this model agree favorably with experiment, 
provided account was taken of the fact that radiative- 
heat transfer across the grain diminishes more rapidly 
with temperature than a cube law permits. 


INTRODUCTION 


The prominent role played by thermal properties 
of molding sands in influencing the manner and rate 
of solidification of castings, as well as the extent of 
certain types of casting defects, is well known. Despite 
the importance of thermal conductivities of molding 
sands, a paucity of such data exists in the literature 
particularly in the case of measurements made under 
carefully controlled experimental conditions at high 
temperatures. 

Using a direct-solidification technique with cast 
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steel spheres, Briggs and Gezelius! were able to as- 
sign an effective “heat transference” value to each 
molding sand investigated, the heat transference value 
of the sand being associated with its thermal conduc- 
tivity, specific heat and density. Utilizing a similar ex- 
perimental method, Ricks? attempted to classify mold- 
ing sands on the basis of a “heat abstraction” property 
evaluated from average cooling rates for cast iron 
samples poured into a mold cavity in the sand. 

Lucks, Linebrink and Johnson? measured the 
thermal conductivity of three, unbonded molding 
sands over the temperature range 750 to 2250 F (400— 
1230 C) using steady-state heat transfer conditions. 
The method employed by these investigators con- 
sisted in maintaining a constant elevated temperature 
on one side of a large sample, which had been com- 
pacted by jolting, and measuring temperature gra- 
dients in the sand with the aid of thermocouples and 
the heat flow from the system with a water calo- 
rimeter. The precision of the measurements obtained 
by means of this method is limited because rather 
large temperature gradients (approximately 366 F/ 
in.) are produced within the sample. 


Thermal Conductivity 


Their results indicated that the thermal conductiv- 
ity of each unbonded sand increased noticeably with 
temperature, the rate of increase in conductivity be- 
coming markedly greater with coarsening grain size 
of the sand. Subsequently, these same investigators 
reported that the thermal conductivity of a mixture 
of coarse and fine-grained sands exhibited an inter- 
mediate value, compared with the component sands 
at.all temperatures investigated. 

The effect of sand density and mold hardness on 
the thermal conductivity of bonded molding sands in 
the temperature range 194 to 2500F (90—1370(C) 
was determined by Dietert, Hasty and Doelman.5 The 
apparatus used in this study was developed by Finck® 
and consisted of a circular, isothermal, flat hot-plate 
with guard heaters situated at the circumference and 
bottom of the test specimen. They observed a similar 
increase in thermal conductivity with increasing tem- 
perature; and, moreover, proposed that the thermal 
conductivity of compacted molding sands is governed 
solely by the density of the sand. 
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The chilling effect of molding sand on molten 
metal during solidification has also been related to 
sand density by Dietert, et al.7 Mold bleeding tests 
were conducted on sand molds which had been ram- 
med to a definite density by controlling the sand in- 
gredients or the mold hardness. The chilling capacity 
of the sand was correlated with the thickness of the 
skin formed during a certain time of solidification. An 
increase in the coarseness of the sand, a greater dis- 
tribution of sand particle size, an increase in the clay 
and moisture contents of the sand and the extent of 
packing are all contributing factors to an increase in 
sand density. ‘ 


Bonded Sand Conductivity 

A noteworthy and comprehensive experimental in- 
vestigation of thermal conductivities of bonded 
molding sands in the range of 68 to 2912F (20- 
1600 C) was reported by Atterton.8 The method 
which was used in this investigation consisted in plac- 
ing a small, carefully compacted cylinder of molding 
sand into a high-temperature furnace and bringing it 
to a desired temperature in the aforementioned 
range. Within the sand specimen were placed two 
thermocouples and a resistance wire passing down its 
axis, the latter being connected to an external power 
supply. 

The specimen was allowed to reach thermal equilib- 
rium using the furnace alone; then a small tempera- 
ture gradient was imposed radially across the specimen 
by passing a current through the central resistance 
wire. Measurements of the temperature at two points 
in the specimen and the current and voltage drop 
per unit length of the heating wire enabled the ther- 
mal conductivity to be calculated. 

Atterton’s investigation has shown that the thermal 
conductivities at temperatures near room tempera- 
ture of bentonite-bonded silica sands are similar, be- 
ing of the order of 0.484 (Btu) (hr)-! (ft)-1 (F)-}. 
Upon heating to 930F (500C), the conductivity de- 
creases slightly, but above this temperature, and up 
to 2370 F (1300 C), it increases rapidly. Beyond 2370 F 
(1300 C), the conductivity continues to increase, but 
at a decreasing rate achieving values as large as 1.21 
(Btu) (hr)-? (ft)-1 (F)-1 at about 2910 F (1600C). 

The value of the thermal conductivity, as well as 
its rate of increase with temperature, increases with 
increasing sand grain size and varies appreciably with 
the chemical composition of the sand. Increasing the 
density and binder content of the sand compact, in- 
creases the thermal conductivity of the compact, par- 
ticularly at low temperatures. 


Conductivity Variations 

At room temperature, bentonite-bonded olivine 
and zircon sands exhibit conductivity values similar 
to those of silica sands. On the other hand, the varia- 
tion of thermal conductivity of olivine sands with 
temperature is small, while zircon sand exhibits a 
variation similar to silica sands. 

There is an apparent need for a simple method 
which yields accurate determinations of the thermal 
conductivity of molding sands at elevated tempera- 
tures. Furthermore, an appalling gap exists in our 


. 









theoretical understanding of the modes of heat trans- 
fer in a material such as porous molding sand. The 
present paper describes an experimental conductiy- 
ity measuring technique designed to fill the afore- 
mentioned need, and presents an interpretation of the 
data derived from its application which attempts to 
elucidate the principal factors governing the appar- 
ent thermal conductivity of molding sands at ele- 
vated temperatures. 


EXPERIMENTAL PROCEDURE 


Materials 

The two sands selected for this investigation are 
synthetic sands, one of coarse and one of fine particle 
size, and are typical of sands used for non-ferrous 
alloy castings.* The compositions, sand properties 
and sieve analyses of these sands are given in the 
Table. 


Equipment and Method 

The present method produces temperature gra- 
dients in a cylindrical sand specimen, using as a heat 
source a rod of high electrical resistance (silicon 
carbide or “globar’” element) which is placed axially 
within the sand test specimen. Temperature gradi- 
ents within the sand specimen are determined with 
the aid of thermocouples positioned at known radial 
distances from the heat source. When steady-state con- 
ditions have been achieved so that the temperatures 
at all points remain invariant in time, the tempera- 
tures at five points in the sand specimen and the cur- 
rent and voltage drop across a short distance at the 
center of the heater element are measured, From 
these data, the thermal conductivity of the sand may 
be calculated in the manner indicated in the “Results 
and Discussion” section of this paper. . 


To accomplish these measurements, the following 
simple equipment is required: 


a) Cylindrical sand mold assembly within which a 
globar heating element is axially positioned. 


b) Auxiliary electrical power supply for controlled 
heating of the globar. 

c) Equipment for measuring the thermal gradients 
within the sand mold. 


The flask sections for the mold assembly are sheet- 
metal, cylindrical shells 5.9 in. diameter by 5.9 in. 
long with short metallic strips brazed at one end to 
the outer wall, these latter serving as positioning 
guides when the sections are stacked vertically during 
molding. The center-flask sections, in addition, con- 
tain five brackets for firmly holding the thermocou- 
ples after they had been positioned properly within 
the mold. 


Heat and Power Source 

The silicon-carbide (globar) element, which served 
as the heating source, is a composite unit consisting of 
a central heating section of silicon carbide with a low- 
resistance rod joined to this section at both ends. 
Electrical contact is made to the metallized ends of 





*These sands were furnished for this investigation by Ampco 
Metal, Inc., Milwaukee, Wis. 























COMPOSITIONS, SCREEN ANALYSES AND PROPERTIES OF SANDS 





Composition, Wt. % 











Synthetic 
Western Portage Permanent Wood base AFS sand 
Sand bentonite clay Water silica sand bond flour fineness No. 120 
A — Synthetic 
molding sand, AFS 5 3.5 0.5 05 90.5 
Fineness 82 
B — Synthetic 
molding sand, AFS 4 4 92 
Fineness 43 
Screen Analysis 
Cumulate Wt. % at U.S. Mesh No. 
30 40 50 70 100 140 200 270 Pan 
A — Synthetic 
molding sand, AFS 2.31 6.55 9.35 16.57 24.25 18.14 9.00 2.65 2.98 
Fineness 82 
B — Synthetic 
molding sand, AFS 5.10 26.67 36.82 19.50 9.72 2.18 0.34 0.01 0.01 


Fineness 43 


Moisture, 
tempered, (%) 


Physical Properties 


Green Density, Clay AFS 
Permeability g cm-3 (AFS %) Fineness No. 





A — Synthetic 
molding sand, AFS 3.8 
Fineness 82 


B — Synthetic 
molding sand, AFS 4.0 
Fineness 43 


500 1.59 6.96 81.6 


1.585 6.96 43.0 





the composite element by means of small pinch 
clamps which fasten a flexible terminal strap at each 
of these points. Two platinum wire voltage leads are 
attached to the silicon carbide section and passed 
through the sand mold to an external voltmeter of 
high internal resistance, so that the voltage drop could 
be measured over a short length at the center of 
heating section. ’ 

The power supply for controlled heating of the 
globar element is a multi-tap secondary, step-down 
transformer which permits considerable variation 
in the rate at which heat is supplied to the test speci- 
men. Both the current passed through the heating 
element and the voltage-drop along a length at the 
center of the globar are monitored with the aid of 
an ammeter and voltmeter. 

The temperature gradient within the sand mold 
is measured by means of five ceramic-insulated, 18- 
gage, chromel-alumel calibrated thermocouples and a 
type K2 precision potentiometer. After positioning 
each thermocouple within the mold, its ceramic in- 
sulator could be firmly attached to the flask to pre- 
vent further movement within the mold. The cold 
junctions of the thermocouples are maintained at 32 
F in a Dewar containing an ice-water mixture, and 
the use of a selector switch permits the potentiomet- 
ric measurement of the electro-motive force of the 
individual couples. 


Procedure 


Samples of the commercial molding sands employed 
in this investigation were subjected to a sieve analysis 
and clay content. Green compression, density, mold- 





ing hardness and moisture content were determined 
for each sand. 


The conditioned sand was riddled through a \4- 
in. mesh screen to remove any large lumps of sand 
and particles of foreign materials. Construction of 
the sand mold commences by supporting one section 
of the flask of an insulating brick base, centering the 
globar element within the flask with a carpenter's 
square and carefully ramming sand in the flask around 
the globar. To insure uniformity of sand packing, a 
special wooden hand rammer designed for working 
in the limited volume within the mold was employed, 
and frequent checks were made with a mold hard- 
ness tester. 


After each flask section had been filled, a new sec- 
tion was stacked on top of it, and the sand rammed 
in the new section as previously described. The plati- 
num voltage leads, attached to the globar element 
near its center and the insulated thermocouples were 
passed through the sand and out of the flask section 
through small holes in its wall. Distances from the 
welded thermocouple beads to the surface of the glo- 
bar element were accurately measured with a ma- 
chinist’s dividers and scale. Further thermocouple 
movement within the flask was eliminated by rigidly 
fastening each thermocouple to holders brazed to the 
flask wall. 


Sand ramming was continued, and additional flasks 
were added as required for the test mold. Terminal 
straps attached to the ends of the heating element 
were connected to the controlled power supply with 
an ammeter in series with the globar; an external 
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voltmeter was connected to the platinum voltage 
leads. 

As a preliminary to nearly every run, the sand 
mold was heated to a maximum test temperature, a 
procedure which usually required about 72 hr. In or- 
der to establish a constant heat flow in the globar, a 
specific setting was made on the secondary of the 
step-down transformer. When steady-state conditions 
have been attained, as judged by temperature varia- 
tions at all thermocouple stations being smaller than 
5 F in a two hr period, thermocouple, current and 
voltage readings were observed and recorded. 

During the course of each run, several different 
heat flow rates were used; and, once thermal equilib- 
rium was established for a given heat flow, the afore- 
mentioned data were taken and the procedure was 
repeated at a different rate of heat flow. 


RESULTS AND DISCUSSION 


Principle of Present Method 

In the method for measuring thermal conductiv- 
ities described in the preceding section, the molding 
sand was placed within an annular ring formed by 
two concentric cylinders of radius r, and r,, where r, 
was the internal radius of the flask and r, was the 
radius of the globar rod. A radial temperature gradi- 
ent was imposed by maintaining r, at temperature T,, 
and r, at temperature T,. The ratio of the length of 
the cylindrical sand sample to the radius r, was so 
chosen that the heat flow in the axial direction was 
much smaller than that in the radial direction and 
may be neglected. 

If it is assumed that only radial heat flow occurs, 
the basic differential equation of heat conduction 
dT/dt = kV?T reduces to 


d(, aT) _ 
(tr Gr)=9 — (u<r<n) (1) 


when a steady-state temperature gradient is estab- 
lished. Here & is the thermal conductivity, ¢ the time 
and V7? is the Laplacian operator. Upon integration, 
equation (1) yields 

r ut = constant (2) 
that is, the heat flow in a radial direction q = 


2ar Lk SE is constant within the annular ring 


r,<r<r,. Since all the heat originates from the cen- 

tral globar rod, the quantity of heat, q,, flowing per 

unit time through a unit length of the sand cylinder 

becomes 

a 2m (Kapp) (T, — T,) 
rT, 


In— 
Tr, 


(3) 
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where (k,),) is the mean value of the apparent ther- 
mal conductivity of the molding sand. In the present 
case, q, is measured in a temperature-dependent sys- 
tem, so that (k,,,) obtained from equation (3) is 
given by 


T, 


] 
(Kapp) = ory f be dT (4) 
T, 









The nature of the temperature-dependence of k 
will be discussed below. 

Since heat is produced electrically in the globar 
rod, q, is simply yI*R, where R is the resistance of the 
rod per unit, J is the current passing through it and 
y is a factor converting watts to British thermal units. 

To determine whether the heat transfer expres- 
sion, equation (3), is valid for the conditions ob- 
taining in the present experiments, this equation was 
rewritten as 


app 


?R 
As Y rp (5 
(Kapp) = 2xr(T, pai, T.) In r, \ >) 


and a plot made of T, —T, against I? R, over a small 
enough temperature range so that (k,,,) may be 
assumed to be constant. This plot should be linear 
and pass through the origin with a slope equal to 
y In (r,/1,)/2m(Kapp); the results of three such plots 
for synthetic sand B (Fig. 1) indicated that the use of 
equation (3) was valid for the conditions existing in 
the present work. 


Theory of the Apparent Thermal 
Conductivity of Molding Sand 


Although the theory of the apparent thermal con- 
ductivity of molding sands will be presented in detail 
elsewhere by Whitmore®, it may be well to review 
some of its salient features. This theory postulates 
that, in molding sand containing small, isometric 
pores, heat is transferred at elevated temperatures 
predominately by three mechanisms: 


a) Pure thermal conduction through the solid grains. 
b) Intergranular radiation across the pores. 
c) Radiation through the sand grains themselves. 


Modes (a) and (b) have been considered by Loeb!° 
to account for the heat transfer in porous ceramics, 
whereas all three modes were suggested by Atterton® 
to be important in the case of molding sands. 

Using the analog of the dielectric constant of a 
mixture, Whitmore® expresses the apparent thermal 
conductivity of the sand as follows: 


Kapp = (ke + ky) (1 — P) + Pete (6) 
where 
P is the porosity of the sand. 
k, is the pure thermal conductivity of the solid 
phase. 
is the radiant “conductivity” of the solid 
phase. 
keer is the effective thermal conductivity of a 
heterogeneous region (containing both pores 
and solid grains) in the cylindrical sand 
sample. 

At temperatures sufficiently low so that radiant- 
heat transfer across grains and pores is negligible, it 
is expected that, in the light of equation (6), the ap- 
parent thermal conductivity of the porous sand 
should be 

kapp = ke (1 — P) (7) 


with the temperature dependence of k, being given 
by Peierls’ theory!! to be 


- l 8 
ke ==> bTr (T »®) (5) 
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Fig. 1 — Tempereture differences between vari- 3 
ous radial positions in sand B as a function of 7 
electric power supplied to globar heater [equa- 3 
tion (3)]. 2 
: 
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where a, b and » are constants. 
T is the absolute temperature. 
® is the Debye temperature of the solid. 


To reinforce the argument favoring the use of equa- 
tion (7) for low temperature values of k,,,, Babanov’s 
data12 on the variation at 113 F (45 C) of the apparent 
thermal conductivity for dry quartz sand with volume 
fracture of solid is plotted in Fig. 2. Using the slope of 
this linear plot and equation (7), k, is calculated to be 
0.898 (Btu) (ft) (hr)? (F)-?, a value consistent with 
the data of Atterton® for a similar material. Further- 
more, there appears to be ample experimental evi- 
dence13 justifying the use of equation (7) for pre- 
dicting the apparent thermal conductivity of porous 
ceramic bodies below 932 F (500(C). 

However, at temperatures where radiant-heat trans- 
fer across pores and grains is significant, the apparent 
conductivity will be given by the complete expression 
(6). Thus, 


Kapp = (ke +k) (1—P) + PKere 


a 8o(T)® P (Ke + kx) (Kp) 
‘gi e+ Ph aps (k. + k,) P + (k,) (I—P) 
(9) 
where o is Stefan’s radiation constant (0.1713 x 10° 
(Btu) (ft)-? (hr)-* (R)*. 
(T) is the average absolute temperature of the 
region across which radiation occurs. 
a is the absorption. 
s is the scattering coefficient per unit length 
of solid material. 
(k,) is the average “thermal conductivity” of a 
pore over a temperature interval AT. 
For the case of spherical pores of uniform radius 1, 
Loeb1° and Whitmore® give for this latter quantity 








ky) = 18 reoT® (10) 


where ¢ is the emissivity of the radiating surface. The 
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value for k, substituted into equation (9) has been 
derived by Hamaker! in his treatment of the prob- 
lem of heat transfer by radiation through light- 
scattering materials. 


From the foregoing discussion relative to equations 
(6) to (10), it is apparent that, assuming the absorp- 
tion and scattering coefficients appearing in the de- 
nominator of k, are independent of temperature, the 
temperature-behavior of k,,, is given by 


kepp = (2+ BT*) (1—P)+CT® (11) 


where A, B and C are material constants and the 
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Fig. 2 — Isothermal variation of the apparent thermal 
conductivity with volume fraction of solid for a dry 
quartz sand at 113 F. 











0.0917 BTU/sec 








0.0905 BTU/sec 
0.0858 BTU/sec 


Oo epod 





0.0818 BTU/sec 





LEE | 


\ 
\ 
\ 


AN 
. 





1700 





Temperature, °F 








1100 





o 
°o 
° 























700 


\ 
rN 


1.0 oe 25 
Distance from Axis of Heater, inches 


Fig. 3 — Dependence of temperature of sand A on 
both radial distance and rate at which heat is supplied 
by heater. 


temperature-dependence of k,rr, to a first approxima- 
tion, is given by CT*/P where C is the coefficient 
of T* appearing in equation (10). 


Comparison with Experiment 


The variation of temperature with both radial dis- 
tance from the heat source and rate of heat flow is 
shown for synthetic molding sand A in Fig. 3. The ap- 
parent thermal conductivity of this sand at any given 
temperature, say T,, was determined from these 
curves by evaluating the tangent to one of the curves 
at temperature T, and utilizing the following expres- 
sion for kyp»: 


Here the radial distance, r,, corresponds to the tem- 
perature T, on the selected heat flux curve. Figure 4 
illustrates the temperature-dependence of k,,,. for 
this molding sand. The curve has the following pro- 
nounced characteristics: 


1) A decreasing conductivity with increasing tempera- 
ture below about 1100 F (600 C). 

2) A shallow minimum between 1100 and 1470 F (600 
— 800 C). 

3) A sharply rising conductivity with increasing tem- 
perature above 1470 F (800 C). These same charac- 
teristics have been observed to occur both for silica 
molding sands* and for porous ceramic speci- 
mens. 15 


The behavior of the apparent thermal conductivity 
of this sand below 1100 F is typical of insulators at 
temperatures above their Debye temperature and sug- 
gests that, since radiant heat transfer should be neg- 
ligibly small in this range, the pure conductivity of 
the solid phase (k,) could be obtained by correcting 
k,»p to zero porosity with the aid of equation (7). 

In Fig. 5 this thermal conductivity is plotted against 
the reciprocal of the absolute temperature, as de- 
manded by Peierls’ theory.11 Extrapolation of this 
curve to higher temperatures permits evaluation of 
the contribution of k, to k,,, at those temperatures 
where radiant-heat transfer becomes significant. 
The porosity of synthetic molding sand A may be 
estimated, without appreciable error, by means of the 
relation 

p — Ps Papp 
Ps 

2.65 — 1.59 
=~ 65 0.40 
where 

p, is the density of quartz (cgs units) at 77 F 
(25 C). 
is the apparent dry density of the sand com- 
pact (cgs units). 

A knowledge of the absorption (a) and the 
scattering for radiant energy per unit length of solid 
(s) is required in the calculation of the transgranular 
radiant-heat “conductivity” (k,). Employing the re- 
flectivities of powdered SiO, observed by Coblentz'® 
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Fig. 4— Temperature dependence of calculated 
and experimental values of the apparent thermal 





conductivity of sand A. 
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Fig. 5 — Variation of lattice thermal conductiv- 
ity for solid phase in sand A with temperature. 


Thermal Conductivity (k.),(8Tu) (HR) (er)'(%F)~ 


in the wavelength range 1.5 to 3 microns where the 
radiative maximum occurs, the ratio of s/a calculated 
to be 7.5. A typical value of 1.4 is selected from pub- 
lished data for opal glasses and silicate cements!4 so 
that (a + 2s) becomes 22.4. As a first approximation, 
it was assumed that this sum is independent of tem- 
perature and k,,, values plotted in Fig. 4 were cal- 
culated, under this assumption, with the aid of equa- 
tion (9). 

To calculate (k,) by means of equation (10), a 
value of the emissivity, « equal to 0.3 (which is typi- 
cal for quartz at high temperatures) and a reason- 
able value for the pore diameter equal to 0.108 in. 
(0.3 cm)* were selected. Although it is known 
that the emissivity of a white oxide increases with 
decreasing temperature, in the calculations of (k,) 
presented here, the emissivity was assumed to remain 
invariant with temperature. 

In order to emphasize the radiative character of 
heat transfer in the porous molding sand under in- 
vestigation at temperatures exceeding about 1500 F 
(815 C), values of k, obtained from Fig. 5 were sub- 
stracted from the corresponding experimental values 
of the apparent thermal conductivity (Fig. 4) cor- 
rected to zero porosity. Thus, 


Kapp P 
SS aeelen = = + + { ———— _ k 
Ak ( ue P) k, (k, k,) (; ky 5) Kore c 
a P 
=k,+ Gs is 5) kerr (13) 


Because both k, and k,-, should vary as T*, Ak, which 
is a function of these parameters, is expected to 
exhibit a T* behavior. However, a plot of Ak versus 
T® (Fig. 6) fails to reveal such behavior above 1605 F 
(900 C), the data showing a marked departure from 
the expected linear relationship. This deviation of 
Ak from a T® law, and the obvious discrepancies be- 
tween the calculated and observed values of k,,, as a 
function of temperature (Fig. 4), appears to stem from 
the same cause, viz, that the sum (a + 2s), appearing 
in the denominator of Hamaker’s expression for k, 
[equation (9)], must depend upon the wavelength of 
the radiant energy and hence upon the temperature. 


*Kingery17 reported an appreciable radiation effect for pores 
of 0.3 cm diameter, whereas for pores of 0.01 cm diameter the 
effect was slight. 
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This is entirely reasonable because it is well known 
that, as the temperature falls, the radiant energy shifts 
to longer wavelengths where the absorption is greater. 
Thus, k, should decrease even more rapidly than a 
T® law permits and, as Hamaker!4 has suggested, 
might be given by 


io 6) 


2baA 
k= 2 
P J Pin da (74) 


o 
where b = 4¢(T)*. 

A is the wavelength of the radiant energy and 
the integration extends over all values of 
wavelength. 

In the absence of a sound theoretical basis, the 
sum (a+ 2s) was assumed to behave exponentially 
with temperature so that 


(a + 2s) = aexp—BT (15) 


where T is the absolute temperature. 
a and @ are constants which were evaluated as 
3780 and 2.14 X 10°, respectively, by as- 
suming (a + 2s) to be 254 in“ and 25.4 in“ 
at 740 F and 1840 F, respectively. 

To test the reasonableness of equation (15), substi- 
tution was made for k,,, [in terms of k,, k, and k, 
(equation (9)] into equation (13) so that equation (13) 
is a quadratic expression in k,. This equation for k, 
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Fig. 6 — Effective radiant heat conductivity of sand 
A as a function of the cube of the absolute temperature. 
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was solved using experimental values of Ak, k, and P 
and values of (k,) computed from equation (10) and 
the aforementioned values of the emissivity and pore 
diameter. The resulting k, values were plotted in Fig. 
7 against T* exp @T as dictated by Hamaker’s ex- 
pression for k, [equation (9)]. The linearity of this 
plot may be fortuitous, but provides certain justifica- 
tion for the use of the relation in equation (15), at 
least in the present case. 

In the light of the nonlinearity of the plot of Ak 
versus T* (Fig. 6) above 1650F, and the foregoing 
discussion of k,, it is necessary to modify equation 
(11) for the temperature-dependence of k,,,. Accord- 
ingly, the temperature-behavior of k,,, is now given 
by 
Kee A+D+B'T* exp BT+E (1—P)+(C'T?+F)P 

(16) 
where A, B’ and C’ are the slopes of the linear plots 
showing temperature-dependence of k,, k, 

kere (Figs. 5, 7 and 8, respectively). 
D, E and F are the corresponding intercept 

values. 

It should be observed that the minimum point in the 
kapp VS- temperature (Fig. 4) could be determined from 
equation (16) by differentiating it with respect to T, 
equating dk,,,/dT to zero and solving the resulting 
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Fig. 8 — Effective thermal conductivity of pore-con- 
taining regions in sand A as a function of the cube of 
the absolute temperature. 


expression for T. Moreover, it is noteworthy that the 
integrand of equation (4) will now be given by the 
right side of equation (16) so that (k,,,) for the tem- 
perature interval (T,—T,) becomes 


_A(I—P), T, , B(I—P) 
(Kapp) x T, —T, Ts f T, —T, 
oe 3(T,27—T,”) 6(T,—T,) = " 


exp 6(T, —T,) 








B B? B° B* 
PC rai 
XT,—T, 1 — T,*) (17) 


At low temperatures where radiative-heat transfer is 
negligible and pure lattice conductivity predominates, 
equation (17) reduces to 


A(1—P), T 
Kape) = In 


Substitution of this value for (k,,,) into equation (3) 
and arrangement of terms yields 


be cans tos (18) 


T, 27A(l—P) 1, 

The validity of the relation given in equation (18) 
was checked by plotting some low-temperature con- 
ductivity data for synthetic sand B in the form of 
log T vs. log r (Fig. 9). The linearity of the resulting 
plots supports the use of equation (18) for the low- 
temperature conductivity measurements of the present 
investigation. 

Employing equation (16) (with the appropriate 
empirical values of slopes and intercepts) to calculate 
the temperature-dependence of the apparent thermal 
conductivity, all essential features of the experimental 
curve were preserved (Fig. 4). Whereas equation (16) 
is strictly applicable over the entire range of tempera- 
ture only if the volume fraction of pores remains 
constant, it is possible to extend the present ideas to 
include a variation in the porosity of the sand due to 
sintering occurring during heating provided that 
the mechanism of sintering is known. 

Although only scanty information exists in the lit- 
erature concerning sintering processes in foundry 
sands, it is likely that, at elevated temperatures, sinter- 
ing of silica grains occurs in the presence of a liquid 
phase in clay-bearing sands.18 Furthermore, the pres- 
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ent model, accounting for heat transfer through mold- 
ing sands, ignores certain factors such as the influence 
of compacting pressure and moisture and oversimp- 
lifies others like the temperature-dependence of the 
emissivity, the distribution of pore sizes and the exist- 
ence of non-ideal pore shapes. 


CONCLUSIONS 


Rationalization of the temperature-dependence of 
the apparent thermal conductivity of a molding sand 
containing small isometric pores may be based on 
radiative-heat transfer across pores and grains as well 
as on pure lattice conductivity through the solid. At 
low temperatures (below about 1100 F) only lattice 
conductivity is important, whereas at temperatures in 
excess of 1500 F radiative-heat flow contributes signi- 
ficantly to the total heat transferred through the 
molding sand. 

Employing a general model for a porous semi- 
transparent insulating material, calculated values of 
the apparent thermal conductivity of a synthetic silica 
molding sand are presented which agree favorably 
with direct experimental observations. Any discrepan- 
cies between theory and experiment can be essentially 
removed by accounting for the fact that radiative-heat 
transfer across grains will diminish with temperature 
more rapidly than a cube law permits. This is due to 
a progressive shift with decreasing temperature of the 
radiant energy to longer wavelengths where absorp- 
tion is greater. 
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SURFACE DEFECTS ON 


SHELL MOLDED CASTINGS 


by J. A. Behring and R. W. Heine 


ABSTRACT 

Types of surface defects on steel castings made in 
shell molds were studied in order to isolate and define 
the defect which is peculiar to shell molds. The defect 
was found to be a surface accumulation of oxides and 
associated gas. Cause of the defect was proven to be the 
oxygen in the phenol formaldehyde shell resin. Cures 
are suggested. 


INTRODUCTION 


Several types of surface defects may be encountered 
when steel castings are made in shell molds. A par- 
ticular surface defect called the “shell mold” defect 
appears in varying degrees in carbon and alloy steels. 
This paper presents an analysis of the causes of these 
defects and suggests some remedies. 

The defects to be discussed manifest themselves at 
the surface of the casting. If more than one type of 
surface defect is present, it is important to be able to 
distinguish between them. Surface defects other than 
the shell mold defect will therefore be discussed first, 
then the shell mold defect will be treated as the 
distinct problem it is. While this paper refers mainly 
to steel castings, those principles which are generally 
applicable will be related to casting other metals in 
shell molds. 


ORANGE PEEL DEFECT 


Figure | shows a rough steel casting surface charac- 
teristic of the orange peel defect. There are places 
on the casting surface where a thin layer of the skin 
appears to have been removed or displaced. The 
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Fig. 1— Cope side of rack casting showing typical 
orange peel defect. Surface roughness and depressed 
areas characterize the defect. 


cause of this defect is expansion of the shell. When 
the metal is poured, expansion and warping of the 
shell occurs. Frequently, curvature occurs at the part- 
ing from this expansion and causes the shell to lift 
away from the metal. Lifting of the shell away from 
the partially solidified metal surface causes the orange 
peel surface defect, much as the roughness observed 
when a trowel is lifted vertically away from fluid 
concrete. If, however, the metal is still fluid and 
enough metallostatic pressure is available, the metal 
will move with the expanding sand surface and no 
orange peel or rough surface develops. For example, 
a surface displaying orange peel when poured hori- 
zontally will frequently show no orange peel when 
poured vertically so that the liquid metal can move 
with the expanding shell surface. 

Remedies for the defect consist of reducing or pre- 
venting warpage of the shell. Improved gluing to- 
gether of the shell halves is helpful. Backing the shell 
with shot to mechanically hold the shell in place is 
also helpful. Occasionally the use of a fine particulate 
additive in the sand will sufficiently alter shell ex- 
pansion to minimize the problem. 

Another lesser cause of orange peel can arise when 
gates and feeders freeze off before the casting is fed. 
Feeding action then sucks the metal surface away from 
the sand and causes the orange peel effect. 

By either mechanism described above, the orange 
peel roughening is due to separation of the mold 
cavity surface and the metal surface while it is only 
partially solid. Since this is a mechanical movement 
problem, the defect would be expected to occur when 
casting metals other than steel in shell molds. The 
orange peel defect is also observed on shell molded 
aluminum castings to confirm this point. 


SURFACE SHRINKAGE 


Internal shrinkage comes to the surface readily 
when steel is cast in shell molds. Figures 2a and 2b 
show an example of surface shrinkage at the base of 
the teeth of a rack casting. Such surface shrinkage 
occurs at locations where an internal shrinkage cavity 
would develop if the casting were made in green sand. 
In Fig. 2, the rack tooth forms a T-section. If the 
T-section is not fed, internal shrinkage would be 
expected at the hot spot if the casting were made in 
green sand. However, when made in a shell mold 
the shrinkage extends to the surface. 

This occurs because of the low chilling power of 
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Fig. 2— A (top) — Drag side of rack casting showing 
shrinkage at the base of the teeth. The orange peel 
defect can also be observed. B (bottom) — Close-up of 
surface shrinkage at base of teeth in rack casting in A. 


the mold material and the consequent absence of 
surface to center temperature gradients which will 
fully solidify the surface while the interior is still 
liquid. Such surface shrinkage is dendritic in nature, 
and is usually accompanied by some degree of shrink- 
age cavity in the interior. Obviously, this type of 
defect is affected greatly by casting geometry, metal 
freezing mechanism, the extent of feeding applied 
and chilling power of the mold. Corrective measures 
consist either of completely feeding the section or of 
chilling the surface to make it completely solid, as 
may be done through the use of zircon sand. 

Surface shrinkage may, of course, occur on the 
same casting showing orange peel defect, as pointed 
out in Fig. 2. It may also occur in other alloys such as 
aluminum alloys, and is manifested in a way charac- 
teristic of the freezing mechanism of the alloy. 


METAL PENETRATION 


Metal penetration is illustrated in Fig. 3. This is 
a surface defect which occurs occasionally on a given 
casting. As shown in Fig. 3, the defect is localized. 
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The penetration is permitted by a defective shell 
mold cavity surface. In some cases, some of the mold 
cavity surface sand grains stick to the pattern when 
the pattern is withdrawn. This leaves a rough open 
surface which is easily penetrated by the liquid metal. 
In other cases, the shell sand does not flow readily 
over the pattern. This can be caused by bridging of 
sand before the pattern is completely covered. Then 
a surface layer of sand is formed with a void layer 
in back of it. In any event, a low density mold surface 
results and is easily penetrated by the metal. 

Corrective measures for this problem consist largely 
of proper use of parting materials, and in the con- 
trol of the molding mixtures and technique. For 
example, if the shell mixture begins to rise in tem- 
perature due to repetitive use, it can become less 
flowable and ultimately tacky. This situation is ag- 
gravated by resin and sand segregation. In this con- 
dition, the sand is prone to bridge and yield low sand 
density at the pattern surface. 

Metal penetration is again a surface defect which 
can occur simultaneously with the others already dis- 
cussed. Before the defect becomes as serious as shown 
in Fig. 3 minor or isolated surface penetration can 
occur, which adds to the confusion of analysis when 
other surface problems are present. 


CARBURIZED SURFACE 


Carburization of the surface of steel castings made 
in shell molds has been reported a number of times 
so that no example will be shown here. The car- 
burized skin is nonuniform in thickness, being absent 
in some areas and quite thick in other areas. Car- 
burization is attributed to the resin in the shell mold- 
ing sand. The resin is said to produce a reducing 
atmosphere which causes the carburization. Actually, 
carburization is the result of resin decomposition and 
the deposition of a carbon or graphite film on the 
sand grains and on the molten steel surface as the 
mold is filled. 

The carbon film lodges against the mold cavity 
surfaces and is there available for carburization. In 
extreme cases, the carbon film can build up to a thick- 





Fig. 3 — Crankshaft casting showing metal penetration 
on one end. 











Fig. 4 — A (top) — Portion of crankshaft made in mold 
bonded with 6 per cent resin. The casting on the left 
shows the surface before cleaning. Tiny slag beads may 
be seen attached to the casting surface. Casting on the 
right has been sand blasted and shows pitting of the 
surface characteristic of the defect. B (bottom) —A 
shell molded steel casting showing the “shell mold” 
defect. The pitted surface is again evident. Not ap- 
parent is the fact that surface shrinkage is present at 
the L-section. Thus, both surface shrinkage and the 
shell mold defect contribute to the serious surface 
pitting shown. 
MOLD 
Bead of slag or sand 
enveloped in slag 
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(see Fig. 10d) 
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METAL 
Fig. 5— Schematic diagram showing nonmetallic in- 
clusions or oxides and associated gas pits that produce 
the surface roughness shown in Fig. 4. 





ness which will cause wrinkling of the casting surface. 
This occurs especially when fluid flow currents cause 
piling up of the film at points within the mold. The 
wrinkled surface is called “pruning.” The carbon film 
can be readily observed by looking down into open- 
ings in the cope, such as risers, while the casting is 
being poured. It is important to recognize that car- 
burization in shell mold is caused by the carbon film 
rather than by a reducing atmosphere, since the actual 
atmosphere within a shell mold is quite oxidizing, as 
will be shown later. 

The carbon film can be observed most easily on the 
surface of aluminum alloy castings. Discolored black 
or brown ripples on the normal silvery surface show 
the points of carbon film accumulation. 


“SHELL MOLD” DEFECT 


The defects mentioned earlier are not unique to 
shell mold castings. They can be observed in vary- 
ing degree on steel castings produced by other mold- 
ing processes. The defect to be discussed at this point 
is a problem which occurs especially in shell molded 
castings because of the phenolic resin binder used in 
this process. 

Figures 4a and 4b show the shell mold defect. 
Figure 4a shows the pitted surface which is charac- 
teristic of the problem, while Fig. 4b shows the same 
defect combined with surface shrinkage in the L-sec- 
tion of the casting. Other investigators have demon- 
strated the variety of factors involved in the severity 
and extent of this defect.1-5 The defect is also called 
the “gas-pit” defect. 

Metallographic study of steel castings having the 
defect showed that the defect is manifested as a com- 
bination of pits in the surface and associated non- 
metallic inclusions. The surface roughness that results, 
as shown in Fig. 4, is ascribed then to the presence of 
nonmetallic inclusions and associated gas pits. Various 
distributions of inclusions and associated gas pockets 
are shown in Fig. 5. Sometimes the nonmetallic sub- 
stance appears as a slag-like bead that may be seen 
adhering to the casting when it is shaken out and 
before it is blasted. Careful examination of Fig. 4a 
will reveal such slag beads. 


Under these circumstances a gas pit lies under the 
bead, as shown in Fig. 5. Sometimes the nonmetallic 
material lies in the surface of the steel, as shown at 
the center in Fig. 5. Then, it may be dislodged dur- 
ing blasting of the casting. At other times, the in- 
clusions are surrounded by spongy metal, as shown 
schematically in Fig. 5 and actually in Figs. 10d and 
10e. In addition, a substantial amount of the non- 
metallic inclusions will occur at varying distance be- 
low the surface. Cause of the defect was found to be 
reaction of the oxygen in the resin with the molten 
steel to form the nonmetallic inclusions, largely 
oxides, and also the gas forming reactions of oxygen 
and hydrogen normally connected with pinholing. 

Factors that influence the extent of the defect are 
composition of the mold, type of metal, solidification 
time, venting of gases, pouring rate and pouring 
temperature. Some of these are discussed later. 






















Fig. 6 — Shell mold pattern used to make experimental 
castings. 


TABLE 1— DRY SAND MOLDS WITH VARYING 
RESIN PERCENTAGE AND TYPE 











Resin, % 
Phe- 
Mix- _nolic Ww. Dex- 
ture Res-_ As- Bent, trin, Water, 
No. in phalt Pitch % % A Sand 
0 0 0 0 4.0 1.0 3.7 68 AFS 
Silica 
l 1 0 0 4.0 1.0 3.9 68 AFS 
Silica 
2 2 0 0 4.0 1.0 4.2 68 AFS 
Silica 
3 3 0 0 4.0 1.0 4.4 68 AFS 
Silica 
6 6 0 0 4.0 1.0 5.0 68 AFS 
Silica 
7 3 0 4.0 1.0 4.3 68 AFS 
Silica 
x 0 3 4.0 1.0 4.3 68 AFS 
Silica 





EXPERIMENTAL PROCEDURE 


The pattern shown in Fig. 6 was used to prepare 
molds for this study. A typical casting is shown in 
Fig. 7. The pattern was obtained from a commercial 
foundry, and was known to produce castings showing 
the shell mold defect. Shell molds were made from 
the pattern by conventional methods using dry mix- 
tures of sand and resin. The pattern was heated to 
450 F, the shell mixture dumped on the pattern for 
a dwell time of 1 min, the excess was dumped off, and 
the shell cured for 4 min in the oven at 450 F. After 
stripping and cooling, the shell halves were joined 
with a cold-set paste. 

A dry powder commercial shell resin of the phenol- 
formaldehyde type was used. In addition to shell 
molds, dry sand molds were made from the same 
pattern where this was necessary. The molds were 
poured in a commercial steel foundry from direct 
arc melted steel having an analysis of 0.22 per cent C, 
0.70 per cent Mn and 0.45 per cent Si. Two and one- 
half lb of aluminum per ton were used to kill the 
steel in the ladle. In addition to the above metal, 
commercial castings ranging from the low carbon 
“dynamo” steel, to 0.45 per cent C steel, low alloy 
steel, and highly alloyed steels were studied in several 





Fig. 7 — Typical 
casting produced 
for this study. 


foundries for the defect. Pouring temperature for the 
experimental castings was 2950 F as determined by 
immersion thermocouple. 


Resin Effect 


The effect of resin percentage in a sand mixture 
was studied with the series of dry sand molds listed 
in Table 1. Results obtained with dry sand molds 
were later confirmed with shell molds. Dry sand molds 
were used as a means of obtaining molds with ade- 
quate strength at as low as | per cent phenolic resin. 
In other words, the clay bond was used to obtain 
strength, and the resin percentage was varied for 
study. Mixture No. 0 in Table | is a comparison 
blank containing no resin. The effect of resin con- 
tent on roughness of the casting surface on the spindle 
end of the casting is shown in Fig. 8. 

The 1 per cent resin dry sand mold produced a 
surface finish like that of the mold containing no 
resin. The casting made in a 6 per cent resin mold 
shows roughening and pitting over the entire surface 
(Fig. 8). The roughness and pitting on the spindle 
end is not as serious as that shown in Fig. 4a, which 
is the other end of the same casting shown in Fig. 8. 
The roughening in both ends are but degrees of the 
same defect due to thermal gradients. 


A better picture of the extent of surface reaction 
and roughening was obtained by removing a 2 in. long 
piece from the spindle and grinding a 0.015 in. flat 
on the cope surface. Metallographic preparation and 
examination revealed surface roughening, as shown 
in Figs. 9a to 9d. The surface roughening was found 
to increase with increasing resin content, especially 
beyond 3 per cent. Other investigators, have shown 
that increasing resin content increases the extent of 
the gas pit defect.? 

Nonmetallic Inclusions. In addition to surface 
roughening, a marked increase in the number of 
nonmetallic inclusions at or just below the surface 
was found to occur with increasing resin percentage, 
as shown in Figs. 10a - 10e. The inclusions present in 
the zero per cent resin mold were low in number, and 
were those normally expected in well deoxidized clean 












Fig. 8 — A comparison of cope spindle surface 
finish of casting made in 1 per cent resin dry 
sand mold (top) and 6 per cent resin dry sand 


Fig. 9a — Edge be- 
tween 0.015 in. flat 
and curved surface 
of spindle of the 
casting and zero 
per cent resin dry 
sand mold. 13 X. 


Fig. 9c — Same as 
9a, but cast in 3 
per cent resin dry 
sand mold. 13 X. 


mold (bottom). 


Fig. 9b — Same as 
9a, but cast in 1 
per cent resin dry 
sand mold. 13 X. 


Fig. 9d — Same as 
Qa, but cast in 6 
per cent resin dry 
sand mold. Note 
extreme roughness 
of edge. 13 X. 
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Fig. 10—A (upper left) — Inclusions 
and gas pits present on 0.015 in. flat 
ground on the spindle of the casting. 
Zero per cent resin dry sand mold. 50 X. 
B (above) — Same as 10a, but cast in 3 
per cent resin dry sand mold. 50 X. 
C (upper right) — Same as 10a, but cast 
in 6 per cent resin dry sand mold. 50 X. 
D (left) — Same as 10c, but at 500 X. 
Note porous metal adjacent to inclusion. 
E (right) — Another example of inclu- 
sions and associated gas pits. 500 X. 








metal, mainly manganese sulfide and some alumina, 
type 3 inclusion. As resin content increased there was 
a marked increase in number and size of inclusions 
(Figs. 10b to 10d), and they were of the kind expected 
from oxidation of the metal, corundum, mullite and 
silicates. 

Porous metal was frequently noted adjacent to the 
inclusions as seen in Figs. 10d and 10e. Thus, the 
resin is shown to be highly oxidizing to the metal in 
that the products of oxidation, the inclusions, are 
shown to increase with increasing resin content, 
especially above the 3 per cent resin level in the case 
of this casting. This is contrary to what most in- 
vestigators have stated regarding the resin. Past 
workers have stated that gasification of the resin pro- 
duces a reducing atmosphere in the mold. This is 
not true as the relation of resin content and oxida- 
tion products confirms. 

Oxygen Content. Phenolic resins used for the shell 
process commonly contain about a | to | molecu- 
lar ratio of phenol (CgH;OH) and formaldehyde 
(CH,O). By calculation, the cured shell will contain 
approximately 0.70 to 0.80 per cent O, by weight if 
6 per cent resin is used in the mixture. This oxygen 








is freed when the resin dissociates at high temperature 
and is available for oxidation of the steel. It could 
combine with hydrogen in the resin to form water 
vapor. If it did, calculations show that about 0.865 
per cent H,O would be formed. Pieces of resin 
bonded shell were chemically analyzed for the for- 
mation of water vapor by resin decomposition at 
900, 1200, 1500 and 1800 F.7 


At 6 per cent resin in the sand, 0.84 per cent water 
was formed by resin dissociation at all of these tem- 
peratures. This agrees well with the calculated value. 
Thus, it is shown that resin dissociation caused by the 
hot metal provides a ready source of oxygen which 
can oxidize the steel or form water vapor. Un- 
doubtedly, it does both. The oxygen in the resin 
might also combine with carbon in the resin. How- 
ever, dissociation of phenolic resin carried out in a 
nitrogen atmosphere at the temperatures mentioned 
above produced water vapor and a carbon residue in 
the sand. 

Increasing oxidizing potential with increasing resin 
content readily explains the large increase in inclu- 
sions reported in Figs. 10a through 10d. Porosity as- 
sociated with the inclusion would be expected con- 
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TABLE 2— SHELL MOLD MIXTURES FOR TESTING 
REFRACTORY EFFECT 








Mixture Phenolic AFS Fine- 
No. Shell Aggregate Resin Percentage ness No. 
l Zircon Sand 6.0 115 
2 Silica Sand 6.0 65 
3 Magnesia 6.0 60 
4A* Silica Sand Facing 6.0 65 
4B Iron Grit Back-up 6.0 90 


* This shell mold was made by putting a 14” coating of silica 
shell sand next to the pattern and backing it up with an iron 
grit resin bonded mixture. 








Fig. 11— Comparison of surface of spindle end of cast- 
ing poured in zircon sand, silica sand facing with iron 
grit back up and silica sand shell molds (left to right). 
The orange peel defect on the casting on the left 
should not be confused with the shell mold defect. 


sidering the hydrogen present and the effect of water 
vapor. 

To demonstrate that oxygen in the resin is the 
prime offender, additional dry sand molds were made 
using 3 per cent of a resin containing carbon and 
hydrogen but little oxygen. These are molds 7 and 
8 in Table 1, containing asphalt and pitch. Castings 
made in these molds showed no shell mold defect, 
and were identical in number of inclusions to those 
made in the zero per cent resin dry sand molds. Thus, 
the role of oxygen freed by phenolic resin dissociation 
in causing the formation of nonmetallic inclusions 
and associated porosity and gas pits is confirmed. 


Shell Refractory Effect 


The effect of the shell refractory, whether silica, 
zircon, magnesite, or other, was also studied. For this 
purpose shell molds were made containing a fixed per- 
centage of resin (6 per cent) and utilizing the refrac- 
tory aggregates listed in Table 2. The same test cast- 
ing and metal were used. The zircon and magnesia 
shells were expected to exert a chilling effect on the 
metal during solidification. It was hoped that this 
could be simulated with a thin silica shell of 44»-in. 
thickness backed up with iron grit. Surfaces of the 
spindle ends of the castings are shown in Fig. 11. 


Surfaces of castings made in zircon sand and silica 
sand with iron grit back-up are of a similar quality 





level, if the orange peel defect on the casting made 
in zircon sand in Fig. 11 is discounted. However, the 
casting made in a normal silica sand shell presents 
a rough, pitted surface characteristic of the shell mold 
defect (Fig. 11). Edge roughness is compared in Figs. 
12a to 12d. The silica sand shell produced extreme 
roughening of the casting surface (Fig. 12a). The zir- 
con shell mold permitted much less roughening of the 
casting. surface (Fig. 12b) as did the magnesia shell 
mold (Fig. 12c). 

This improvement is due to the ability of zircon 
and magnesia to chill the solidifying metal so that 
the time available for reaction is reduced. This is 
proved by the fact that confining the silica shell to 
a thin layer, and backing it up with iron grit to obtain 
chilling power, permits the casting to be made with 
as smooth a surface in silica as obtained from the 
zircon and magnesia shells (Fig. 12d). 

With respect to inclusions, all the castings made in 
the silica, zircon and magnesia shell molds showed 
inclusions of the same type as reported in Figs. 10a to 
10e. They were somewhat fewer in the castings made 
in zircon and magnesia, but they still were abundantly 
present. This is to be expected since they are caused 
by the resin and not the refractory. 


The effect of the aggregate on casting surface and 
the extent of the shell mold defect, then, is related to 
its ability to chill the skin of the solidifying casting. 
Obviously, the size of the casting itself will influence 
this effect of the aggregate. 


Pouring Temperature Effect 


Pouring temperature influences the extent of the 
shell mold defect. Figure 13 shows an example of an 
effect of pouring temperature. In this case, the cast- 
ing poured at 3000 F shows a much better surface 
than the one poured at 2900 F. The effect of pouring 
temperature depends on casting size and the relative 
timing of skin solidification and gas pit formation. 
High pouring temperature permits surface sponginess 
or gas-pit formation to occur at a time when the cast- 
ing skin is still fluid. The surface may then heal and 
appear normally smooth although the nonmetallic 
inclusions formed from the reaction with resin are 
still present on metallographic examination. 

On the other hand, a lower pouring temperature 
may permit the gas forming reactions to occur at a 
time when the skin is solidifying, and thus traps the 
gas pits as they form producing a rough surface. 

Solidification mechanism also effects the extent of 
the shell mold defect in a manner similar to that of 
pouring temperature. 


Metal Type Effect 

All steel compositions are susceptible in varying 
degree to the shell mold defect.. However, a composi- 
tion which is easily oxidized, such as dynamo steel, 
low in carbon, silicon and manganese, results in much 
greater visible surface roughening from gas pits. An 
alloy which is more resistant to oxidization may show 
few gas pits, but instead may show only slight surface 
roughening together with numerous nonmetallic in- 
clusions at the surface. 








——— 





Fig. 12a (left) — Casting edge on cast- 
ing poured in 6 per cent resin-silica sand 
shell mold. 13 X. 












Fig. 12b (right) — Casting edge on cast- 
ing poured in 6 per cent resin-zircon 
sand shell mold. 13 X. 







Fig. 12c (left) — Casting edge on cast- 
ing poured in 6 per cent resin-magnesia 
shell mold. 13 X. 







Fig. 12d (right) — Casting edge on cast- 
ing poured in a %»-in. thick 6 per cent 
resin silica sand shell mold backed up 
with iron grit containing 6 per cent 
resin. 13 X. 



























REMEDIES 


One method of minimizing the surface roughness 
and pitting caused by the resin is to reduce the per- 
centage used to a minimum, especially below 3 per 
cent. To illustrate, consider the experience of a com- 
mercial foundry producing highly alloyed steel cast- 
ings in zircon shell molds. Shell molds were made with 
1.5, 2.0, 2.5 and 3.25 per cent resin. The castings were 
poured of vacuum degassed steel having a composition 
of 0.17% C, 0.092% No, 15.35% Cr, 2.31% Ni, 4.20% 
Mo, 0.30% V, 0.39% Mn, 0.61% Si, 0.018% S and 
0.020% P at a temperature of 2900 F. The cast sur- 
faces are shown in Figs. 14a through 14d. 

Note the progressive roughening of the surface with 
increasing resin content (the entire casting is not 
shown in Fig. 14 to prevent identification of the cast- 
ing). The lower percentages of resin produce ac- 
ceptable castings providing, of course, the pattern Fig. 13 — Casting at the left was poured at 3000 F; 
shape is such that the mold can be made. Proper casting at the right was poured at 2900 F. The drag side 


- ‘ 2 : of the casting at the left is shown, but the cope is 
curing of the shell to remove volatile constituents is equally th. Mote rough cusface of costing poured at 
also important.® 


the lower temperature. 











Fig. 14a— Cast surface, 1.5 per cent resin-zircon sand 
shell mold. 


Fig. 14c — Cast surface, 2.05 per cent resin-zircon sand 
shell mold. 


Another improvement can be made by sealing the 
casting surface. A zirconite mold wash (containing no 
carbonaceous material) is effective. This reduces the 


amount of gas which enters the mold cavity. Decrease . 


in the extent of carburized surface is also noted from 
both decreased resin percentage and the sealing. A 
more positive approach to the problem is the use of 
resins containing reduced percentages of oxygen. 
Resin manufacturers can make a distinct contribution 
here. 


SUMMARY 


Surface defects which may appear on shell molded 
steel castings have been classified as orange peel, sur- 
face shrinkage, metal penetration, carburized skin and 
the shell mold defect (also called gas-pit defect). The 
shell mold defect was shown to consist of nonmetallic 
inclusions and associated sponginess or gas pits. Cause 
of the defect was proved to be resin dissociation re- 
sulting in the freeing of oxygen for reaction to form 


Fig. 14b— Cast surface, 2.0 per cent resin-zircon sand 
shell mold. 


Fig. 14d — Cast surface, 3.25 per cent resin-zircon sand 
shell mold. 


the inclusions and associated gas pits. Remedies for 
the surface problems have been suggested. 
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IMPACT RESISTANCE OF 


NICKEL-MANGANESE CAST STEELS 


ABSTRACT 


The effects of nickel, manganese, section size and 
deoxidation practice upon cast 0.30 per cent carbon 
steel were investigated. Nickel was found to be essen- 
tial in raising low temperature toughness. Its effective- 
ness was found to be dependent on the particular man- 
ganese content. Optimum tensile and low temperature 
impact properties were obtained with a 1.50 per cent 
nickel, 1.60 per cent manganese steel. Silicon-man- 
ganese-aluminum deoxidation was found to be superior 
to silicon-manganese deoxidation. Lower impact transi- 
tion temperatures were obtained as section size de- 
creased. 


INTRODUCTION 


Many steel castings are used at strength levels of 
90,000 psi under conditions of dynamic loading. Steels 
made to meet the American Association of Railroads 
Grade “C” specification are typical of this type of 
material. These castings are frequently subjected to 
impact at low temperatures during the winter. Hence, 
their impact resistance is of great importance. 

Nickel’s effectiveness in increasing the toughness of 
low-carbon cast steels at low temperatures is well 
established.1 Manganese in steels of moderate strength 
also is beneficial.2 Several investigators have reported 
impact data on medium-carbon, medium-manganese 
cast steels containing nickel.*.4-5.6 However, a clear 
picture of the joint effects of nickel and manganese on 
steels of this type, in the normalized and tempered 
condition, had not been determined. 

The major objective of this investigation was to 
determine the impact characteristics of medium-car- 
bon steels containing nickel and manganese in varying 
amounts up to 1.5 per cent. The tensile properties of 
some of these steels also were determined. Brief in- 
vestigations of aluminum deoxidation and casting 
size effects on the impact characteristics concluded 
the work. 


PROCEDURE 

The scope of the investigation included the pro- 
duction of 21 laboratory induction heats. These were 
produced either as 30 lb or thrice split 100 Ib melts. 
The manganese content varied between 0.5 and 1.5 
per cent, while the carbon content was maintained 
at 0.30 per cent. Nickel varied from zero to 1.5 per 
cent. Heats 1 through 14 were deoxidized with sili- 
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con and manganese. Heats 15 through 20 were de- 
oxidized with silicon, manganese and aluminum. The 
aluminum was added in the amount of 2 Ib/ton. 

Keel blocks, shown in Fig. 1, weighing 50 Ib and 15 
lb were poured at 2950 F. Oil-free dry sand molds 
were used. After the heads were removed the castings 
were given the following heat treatment: 


1800 F — 1 Hr — Air Cool 
1500 F — 1 Hr — Air Cool 
1200 F — 2 Hr — Air Cool 


The material was machined into Charpy V-notch im- 
pact specimens and, in some instances, tensile bars. 
The impact specimens were tested at room tempera- 
ture, 0 F, —25 F, —50 F and —75 F. The low tempera- 
tures were obtained by use of an alcohol and dry ice 
bath. Chemical compositions, impact-data, tensile and 


(a) 


(b) 


3," Radi 
jus 
<% 








Fig. 1— Castings used in investigation. 








68 





TABLE 1— CHEMICAL COMPOSITIONS, CHARPY V-NOTCH IMPACT STRENGTH AND TENSILE PROPERTIES 








Transition 0.2%, Offset 
Steel Temp. Yield Tensile 
No. C,% Ni, % Mn, % Si,% 15 Ft-Lb, F . Strength Strength Elong., % R.A., % Rb 
1 0.30 0.52 0.52 0.50 +36 47,100 76,000 31.0 44.3 77.0 
2 0.30 0.98 0.49 0.50 +2 48,800 76,500 33.8 59.3 77.5 
3 0.30 1.39 0.48 0.50 —46 50,500 78,750 $2.8 55.5 80.5 
4 0.30 0.53 1.02 0.56 + § 51,800 85,500 31.3 58.8 84.0 
5 0.30 0.97 1.00 0.56 — 1 51,800 86,600 $2.3 61.8 85.5 
6 0.30 1.48 0.91 0.56 —30 51,500 86,200 30.0 52.5 85.5 
7 0.32 0 1.26 0.78 + $ _ — — — fais 
8 0.33 0.53 0.97 0.62 + $ _ — _ _ — 
9 0.35 1.05 1.02 0.67 —1 _- _ — _ — 
10 0.33 1.51 0.87 0.56 —30 — _— _ — — 
11 0.32 0 1.72 0.71 +11 _ _ — _ — 
12 0.32 0.55 1.50 0.56 —50 _ _ _ —_— _ 
13 0.33 1.02 1.73 0.75 —63 _— — -- _— an 
14 0.34 1.54 1.60 0.64 below —85 — _ — _— _— 
15* 0.32 0.40 1.23 0.53 + 4 56,500 86,800 27.5 48.5 _ 
16 0.32 0.40 1.23 0.53 — 34 65,700 94,100 27.5 54.5 — 
17* 0.31 0.80 1.24 0.64 —13 62,500 92,400 26.5 49.0 -- 
18 0.31 0.80 1.24 0.64 —38 62,300 96,900 26.5 54.0 — 
19* 0.31 1.20 1.31 0.62 — 36 61,700 93,400 27.0 52.5 — 
20 0.31 1.20 1.31 0.62 —58 _ _ _ _ — 
21 0.34 0.52 1.27 0.51 —29 — — — _ — 


*Cast as 3x 3x7 in. sections. 





hardness values of the melts investigated are given 
in Tables 1 and 2. 


RESULTS AND DISCUSSION 


Impact Values 


The combined effects of nickel and manganese on 
the impact transition temperatures of the silicon- 
manganese deoxidized steels are shown in Fig. 2. The 
data indicate that as the nickel content of a steel con- 
taining 0.5 per cent manganese is increased from zero 
per cent to 1.5 per cent, the 15 ft-lb transition tem- 
perature is decreased from above 36 F to —50F. It is 
also seen that additions of manganese in the absence 
of nickel decrease the transition temperature slightly 
and then cause an increase. 


However, nickel additions to steels containing 
1.25-1.50 per cent manganese cause a sharp reduction 
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Fig. 2— Nickel and manganese effect upon impact 
transition temperature of 0.3 per cent carbon steel. 


in transition temperature. Steels containing more 
than 0.5 per cent nickel at this manganese level ex- 
hibited transition temperatures below —30 F. 

The impact values at room temperature are of 
limited value in predicting behavior at low tempera- 
tures. Steels 3, 6, 20 and 21 exhibit the highest room 
temperature impact resistance with values of over 36 
ft-lb. The transition temperatures of these steels are 
all below —30 F. 

However, the transition temperature of Steel 1 with 
a reasonably high value of 33 ft-lb at room tempera- 
ture is +36 F. Moreover, Steels 12, 13 and 14 exhibit 
transition temperatures in the range of —50 F to be- 
low —85 F, and yet have impact values of only 25 to 
$2 ft-lb at room temperature. 


Tensile Properties 


The joint effects of manganese and nickel on the 
tensile properties of normalized and tempered cast 
steels containing 0.30 per cent carbon are shown in 
Fig. 3.7 One in. square bars of these steels were sub- 
jected to a single normalizing treatment at 1500 to 
1575 F, depending on their respective nickel contents, 
and were tempered at 1200 F. While manganese is 
more effective than nickel in increasing tensile and 
yield strength, it has a much more noticeable adverse 
effect on ductility. 

A steel containing 1.5 per cent manganese and 1.5 
per cent nickel exhibits the following tensile proper- 
ties: 


Tensile Strength, psi 91,000 
Yield Strength, psi ~ 62,000 
Elongation, % 27 
Reduction of Area, % 56 


Steels with somewhat less nickel and more manganese 
have similar properties. The impact transition tem- 
peratures for steels of these compositions are below 
—50 F. 
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It will be noted that the tensile values given in 
Table 1 for some of the steels subjected to impact i Ma Roms HM NOanne + 
tests, are higher than those shown in Fig. 3. This in- Sl Oe ee Oe SSE ara aoe 
crease is attributed to the double normalizing treat- 
ment at 1800 and 1550 F employed for the steels re- 
ported in Table 1. The tempering temperatures were 
the same for both set of steels. Also, the silicon con- fo a " 
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Fig. 5 — Microstructure of steel no. 16, Si-Mn-Al de- 
oxidized 0.40 per cent nickel, 1.23 per cent manganese. 
Bar size 1x 1x7 in. Nital etch. 100 X. 


duced higher transition temperatures. Data compar- 
ing steels, cast in 1x 1x7 in. and 3x 3x7 in. keel 
bars and heat treated as such, are shown in Fig. 7. 
For steels whose nickel contents are below 0.5 per 
cent the impact transition temperature is about 35 F 
higher in the heavier section. However, as the nickel 
content is increased to 1.25 per cent the difference in 
transition temperature becomes only about 15 F. 
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Fig. 7— Section size and nickel content effect upon 
impact strength of 0.3 per cent carbon, 1.25 per cent 
manganese steel deoxidized with silicon-manganese and 
aluminum. 





Fig. 8 — Microstructure of steel no. 15, Si-Mn-Al de- 
oxidized 0.40 per cent nickel, 1.23 per cent manganese. 
Bar size 3x 3x7 in. Nital etch. 100 X. 
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Fig. 6 — Microstructure of steel no. 8, Si-Mn deoxi- 
dized 0.53 per cent nickel, 0.97 per cent manganese. 
Bar size 1x 1x7 in. Nital etch. 100 X. 
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Photomicrographs of representative steels in Figs. 5 
and 8 show the grain size of the heavier section to 
be only slightly larger than that of the lighter one. 


CONCLUSIONS 


1. In a normalized and tempered medium carbon 
steel containing 1.50 per cent manganese, additions 
of nickel are necessary to achieve toughness at low 
temperatures. Transition temperatures below —50 F 
were found for steels containing 1.5 per cent nickel 
and manganese. The minimum transition tempera- 
ture obtained with manganese alone was +3 F. 


2. Silicon-manganese-aluminum deoxidation provides 
lower impact transition temperatures than silicon- 
manganese deoxidation of normalized and tem- 
pered nickel manganese cast steel. 


3. Large castings exhibit lower impact resistance than 
smaller castings of the same material. However, it 
is noted that at higher nickel contents the impact 
properties of the larger section sizes more nearly 
approach those of the smaller. 
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MEASUREMENT VS. CALCULATION 


ABSTRACT 


Experimental work on pouring of actual production 
rolls of alloy cast iron of three different diameters to 
obtain temperature measurements at various depths in 
rolls during solidification, as well as in iron chiller 
molds, is discussed. The tests were made on double- 
poured iron roll castings, and several methods of calcu- 
lation were tried before a new method was developed. 
A practical result of the project was the development 
of a simple means for telling when the second part of 
a pour of a double-poured roll should be started in order 
to produce an alloyed shell of the depth of thickness 
desired. 


INTRODUCTION 

It is a favorite saying of Prof. Willibald Trinks 
that one of the chief things an engineer must be 
able to do, is to draw sufficient conclusions from 
insufficient data. The present case is a prime example 
of this necessity for the reason that high temperatures, 
up to almost 2400 F, make the measurement of tem- 
perature in the solidifying metal extremely difficult. 

In the tests which will be discussed temperatures 
could be measured in the casting at only three depths 
below the surface, and the locations were not exactly 
those desired. Consequently, it became necessary to 
determine the temperatures existing at other depths 
at given times by mathematical analysis and calcula- 
tion from the measured temperatures at the three 
depths. The present article is devoted mainly to de- 
scribing this improved method of calculation. 

The method is quite general and can be applied to 
a wide variety of casting problems. The tests were 
made on double-poured iron roll castings, and the 
method was developed in connection with these tests. 
However, it is applicable with minor modifications 
to the pouring of steel ingots and, with some revi- 
sions, to the casting of iron in sand molds. 


Type of Equations Used 

In the explanation of the method which will be 
given certain mathematical equations must necessarily 
be stated. These may look somewhat involved, but 
they are merely part of the derivation of the method. 
All that anyone need do in order to use the method 
is to find the proper data, put them into the equa- 
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OF SOLIDIFICATION OF 


METAL IN IRON MOLDS 


by J. D. Keller and N. R. Arant 


tion or formula and use simple arithmetic to find 
the answer. Nothing of higher mathematics such as 
calculus is involved. 

Double-poured iron rolls are those which are made 
by first pouring a molten, alloyed (chrome-nickel) 
iron into an iron mold or chiller. After a solidified 
skin or shell of white iron has been formed to the 
desired thickness, flush out or dilute the liquid metal 
remaining in the central part of the partially solidified 
roll by an inflow of low alloy iron. By this method 
rolls can be produced having great hardness, com- 
pressive strength and wear resistance in their outer 
part or shell combined with greater toughness in thé 
core and necks. 

Obviously, a knowledge of the time required to 
form a given thickness of the chilled iron shell is im- 
portant in this process. It is also important in the 
casting of steel in ingot molds, because if the ingot 
is stripped before the solid shell has become thick 
and strong enough to resist tearing, the defects pro- 
duced by the tearing many carry right through the 
entire rolling process in the rolling mill. Direct meas- 
urement of the shell thickness during casting, how- 
ever, has not been found feasible in either of these 
cases. 


Solidification Temperature Measurement 


The Roll Manufacturers Institute recently spon- 
sored experimental work on the pouring of actual 
production rolls of alloy cast iron of three different 
diameters to obtain temperature measurements at 
various depths in the rolls during solidification, as 
well as in the iron chiller molds. The tests were 
planned and supervised by J. J. Marsalka, then Tech- 
nical Director of R. M. I. An analysis of the test re- 
sults insofar as they concern temperatures in the iron 
chiller molds by the present authors was published 
previously. 

The temperature measurements were obtained dur- 
ing solidification of three different sizes of actual pro- 
duction rolls of alloy cast iron by thermocouples im- 
bedded at various depths in the mold and roll body. 
The general scheme of pouring is shown in Fig. la. 
The test setup is shown in Fig. lb. The rolls were 
Ni-hard grain-type rolls (3.00/3.60% total carbon, 
4.00/4.75% Ni, 1.40/3.50% Cr, 1.25% Si, 0.40% P 
max., 0.15% S max., 0.40/0.70% Mn). Roll 1 had a 
diameter of 12154 ,-in., Roll 2 of 19%¢-in. and Roll 3 
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Fig. la — Arrangement for chill-casting rolls showing 
device for producing swirl. (Courtesy of Blaw Knox Co.) 


of 223,-in. In the following, these are sometimes re- 
ferred to as the 12-in., 18-in. and 22-in. rolls, respec- 
tively, because those were approximately the finished 
dimensions to which the rolls were ordered. 


PREVIOUS WORK 

Several experimenters have made “dump” tests 
with unalloyed cast iron and steel in both sand and 
chill molds of various shapes and sizes. In these tests, 


the remaining liquid metal is suddenly dumped ou: 
after various lengths of time after pouring and th. 
corresponding thicknesses of solidified shell ar 
measured. While the results, especially with cast iron 
are not as consistent as might be desired, they show a 
relationship of shell thickness to time which can bi 
represented by an empirical equation of the Chip 
man-FonDersmith!® type: 


Thickness d = C, X \/time — C, 


which when plotted, gives a straight line not passing 
through the origin (Fig. 8). 


Thickness vs. Time 


The roll manufacturers have also checked this 
thickness-vs.-time relationship in double-poured rolls 
by measurements on occasional roll castings scrapped 
in the foundry and on worn roll castings which are 
then broken. Since the roll foundries record and retain 
complete data on each roll, correlations can be made 
between 1) shell thickness based on diameter as-cast 
and on measured diameter and remaining shell thick- 
ness of the broken roll and 2) time elapsed from the 
beginning of the first to the beginning of the second 
pour. 

Also, measurements of the white iron shell thick- 
ness in new roll castings are made at the places (such 
as the ends of the roll body adjacent the necks) 
where subsequent machining allows the boundary 
between the white and the gray iron to be seen. 

Studies have been made from time to time for the 
purpose of relating the shell thickness or depth of 
solidification to the progression of temperature 
changes within the casting as measured by immersed 
thermocouples (taking into account also the differ- 
ences in pouring temperature). These have given 
more consistent results than the dump tests, but 
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Fig. 1b — Sketch illustrating thermocouple 
arrangement used in the 12-in. roll casting. 











strange as it may appear, the determining tempera- 
ture is not the “solidus” but the “liquidus” tempera- 
ture. Dunphy and Pellini,! Paschkis? and Fifield and 
Schaum$ all agree on this. 


PRESENT TESTS 

In the present paper attention is concentrated on 
the thermal, rather than the metallurgical, phenom- 
ena having to do with solidification. From the thermal 
standpoint, the liquidus temperature of ferrous metals 
is that at which the austenite crystallizes out of the 
liquid when the cooling is slow, while the solidus 
temperature is that at which all the rest of the liquid 
solidifies when the cooling is slow. 

According to Fifield and Schaum’ and _ Tin- 
dula,? Discussion when cast iron has first effectively 
solidified throughout, it still contains from % to % 
liquid in the inner parts of the casting entrapped 
within the spaces of the solid. The presence of the 
matrix of solidified austenite which forms at the 
liquidus temperature seems to explain why the latter 
is the determining temperature as regards effective 
thickness of the shell. In the analysis of the present 
tests, therefore, the attainment of the liquidus tem- 
perature at a given depth has been taken to indicate 
the progression of effective solidification to that 
depth. 


CALCULATION METHODS 


Schmidt Method 


With some modification, the Schmidt method as 
applied in the former article to iron mold tempera- 
tures could also have been used for calculating the 
temperatures inside the roll. Modification would be 
required because of the evolution of latent heat at 
the solidification zone. However, unless an excessive 
number of small space intervals were used, the time 
intervals would be too long to permit reasonably 
accurate calculation of the rapid advance of the 
solidification zone which occurs in the first short 
times after pouring. The Schmidt method, therefore, 
was not used for the roll. 


Gréber-Neumann Method 


Neumann almost a century ago originated this 
mathematical method for the purpose of calculating 
the rate of penetration of the freezing zone into 
moist earth when the surface of the ground is exposed 
to below freezing temperatures. H. Groéber revived 
and clarified the method. Since both water and iron 
evolve latent heat on solidification, the method 
should apply regardless of the temperature level. 

It applies strictly to single dimensional heat flow. 
However, for small depths of solidification in roll 
castings (small in proportion to the roll diameter) 
the radial flow of heat in a cylinder differs so little 
from parallel flow at right angles to a plane surface 
that the Gréber-Neumann method could be used with 
negligible error for rolls. At greater relative depths, 
the error might become appreciable, but this method 
could still be used as a reasonable approximation, 
at least as regards the shape of the temperature-depth 
curve. 

The trouble with using the Neumann-Gréber equa- 
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tions for the present purpose is that they are based on 
the assumption that the liquid metal (just like a 
solid) has a constant thermal conductivity. No data 
have been found concerning the conductivity of liquid 
iron, though from analogy with other metals it is 
conjectured to be (for the stagnant liquid) about 
one-half the conductivity of the solid. In any case, 
convection currents in the liquid metal increase the 
apparent conductivity many fold. 

In fact, the heat transfer at the solidifying surface 
behaves more like transfer through a film (as in the 
case of the air gap) than like conduction through 
a thick stagnant mass of material. For this reason the 
Gréber method is not suitable, except perhaps after 
making time consuming modifications. 

In the initial attempts to apply this method, how- 
ever, it was found that the Gréber equations did give 
practically the correct form of the temperature-depth 
curves, although the relationship of depth of solidifi- 
cation to time was not correct. Therefore, a new 
approximate method was developed to suit the 
requirements. 


Tailor-Made Method 


It is known that where all temperatures in a cylin- 
der are rising at a uniform rate, and where there is no 
latent heat effect, the temperature-vs.-radial position 
curve is a parabola with apex at the axis. This was 
shown by Williamson and Adams.® The parabolic 
curve therefore takes care of the sensible heat conduc- 
tion; for the case of cooling, it is concave downward. 

Considering only the conduction of the latent 
heat of solidification, it is known that in a hollow 
cylinder with heat transmitted to or developed at the 
inner surface at a constant rate and conducted out- 
ward, the temperature distribution along the radius 
follows a logarithmic curve which is slightly concave 
upward, However, in the present problem the rate 
of penetration of the solidification in the roll casting, 
and hence the rate of production of latent heat at 
the inside of the hollow cylinder of solidified metal, 
is actually not constant but decreases as time goes on. 

Nevertheless, the rate of equalization of tempera- 
ture in the outer part where only sensible heat is con- 
cerned is so much faster than the rate of motion of 
the solidification zone that relatively the rate can be 
taken as sensibly constant at a given time. 


Temperature-Depth Curve 


The temperature-depth curve for the solidified part 
can be represented with reasonable accuracy by a 
combination of a parabolic and logarithmic curve? 
for a problem in which the cylinder is cooling at a 
uniform rate. The combined curve may be slightly 
concave upward near the solidification zone, but is 
concave downward everywhere else. 

However, in the present case, the cylinder is not 
cooling at a uniform rate at all points in its radius 
from the solidification zone to the outside. Instead, 
the temperature-depth curve is in effect being rotated 
in a radial plane about a point which lies outside the 
cylinder at a distance determined by the air gap and 
the pole temperature. These relationships are shown 
in Fig. 2. 

If, at a given time, the rate of inward movement 
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Fig. 2— Method of calculating temperature curves in 
roll casting. 


of the surface at which solidification is occurring is 
dD/dt, and if the slope of the temperature-depth 
curve at that point is dT,/dR, then if the curve were 
moving parallel to itself (as shown at the upper right 
in Fig. 2) the rate of change of temperature at all 
points would be (dT /dt) = (dD/dt) « (dT,/dR). How- 
ever, the curve is not moving parallel to itself. In effect 
it is rotating counterclockwise (as indicated in the 
middle part of Fig. 2) about pole P, from the solid 
line P-A-B to the adjacent broken-line curve, in time 
interval dt. Hence, the parts of the casting near the 
outside are moving downward in temperature more 
slowly than those near the solidification surface. The 
rate of temperature drop at point A for example, 
being 

dD dT, D,+P.D. 

‘dt ‘dR © D+P.D. 


In using this appropriate method it was first neces- 
sary to determine for trial (by using the gaussian equa- 
tions of Gréber) an approximate relationship of the 
Chipman-FonDersmith type between solidification 
depth D and time ¢. It was also necessary to determine 
from this the rate of inward movement (or dD/dt) 
for the time point under consideration. Following 
this the new method was worked through on that 
basis to determine the temperature-time curve and its 
intersection with the liquidus line, giving depth D’. 
Finally, when this had been done for several points of 
time, the results had to be checked with the trial 
values of D. 





The discrepancies between D and D’ were so sma!! 
in every case that it was considered unnecessary 1.) 
revise the trial values and repeat the calculation. 


Depth of Solidification Equation 
As an example, the curve for roll 2 will be figured 
for time = 5 min. From previous calculations using 
the Gréber equations, the trial equation for depth o! 
solidification was found to be approximately 
D=0.79\/t — 0.02 
Differentiating this, 
aD _ AXONS. 677 te. 
dt Vt V5 
per min = rate of solidification at this point of time. 
Taking the equivalent latent heat at the liquidus 
as 25 Btu/lb (derived from Umino’s tests), the rate 
of evolution of the latent heat equals 
0.177 in./min X 60 Btu 


x x aa 
12 450 Ib/cu ft X 25 ib 


= 9950 Btu/hr, sq ft of actual solidifying surface. 
But we desire to refer this to one sq ft of interface 
area, and since the outside radius of this roll was 
9.69 in., and since at 5 min 


D = 0.79\/5 —0.02 = 1.75 in. 








we have 


(9.69 in. — 1.75 in. = 7.94 in.) 
9.69 in. 


sq ft of interface. 


Note: The density of the liquid is considerably less than 450, 
probably about 390 Ib/cu ft, but it is considered that there is 
actually a radial outward flow of liquid metal to make up for 
the shrinkage of volume at solidification. Hence, it is more 
nearly correct to use the density of the solid than of the liquid. 


x 9950 = 8160 Btu/hr, 





‘Transmitted Heat 


Heat is also being transmitted to the solidifying 
surface from the hotter liquid. For Roll 2, there was 
no information as to the temperature of the liquid in 
the interior of the roll at any time, but on the basis 
of a few measurements in Roll 3 it was taken to be 
15 F above the liquidus temperature. As to the co- 
efficient of heat transfer (explained in what follows) 
this was taken to be 290 Btu/sq ft, hr, F. Then 


x x 7.94 in. _ 
290 X 15 969 in: 3570 Btu/hr, 


sq ft of interface. The total heat transmitted to and 
developed at the solidifying surface = (8160 + 3570) = 
11,730 Btu/hr, sq ft of interface. 

Note: The liquidus temperature, as determined by the arrest 
in the cooling curves of three 2X4X6 in. bars top poured into 
sand molds for this purpose, was 2265 F. The International 


Nickel Co. tests with metal of similar composition gave 2303 F. 
Dunphy and Pellini found 2286 F for the iron of their Fig. 4. 


The thermal conductivity of the white iron roll shell 
in this temperature range was indicated by several trial 
calculations to be about 7.05 Btu/sq ft, hr, F/ft thick- 
ness. Then, the slope of the temperature-depth curve 


z. 9.69 in. 
= x ee 
(1 1,730 704 =) ~ 7.05 





at B in Fig. 2 is SU = 

















, ete. 4 Oe dT,\ _ 177 in. 
— 2033 F/ft, and (37) = (3) ‘“ (St) a" 


x 2033 X o = 1799 F/hr. 


For the temperature range from the liquidus down 
to about 1500 F, the equivalent specific heat, includ- 
ing the latent heat of 79 Btu/lb (which supposedly 
comes out fully at the solidus temperature, but actu- 
ally is spread over several hundred degrees range of 
temperature) figures out as 0.262 Btu/Ib, F. Then the 
equivalent sensible heat conducted equals 


R 
lb R 

Qa = a 450 X 0.262 X ———— 

7.94 in. cu ft sp. ht. 9.69 in. 


Ce in. — R + 0.794in. _ 10.484 — x] 








1.750 in. + 0.794 in. 2.544 


x SE x 1799 F/hr 
or 


Qp = 239.3 X [15.72 R? — R* — 490.489] 


Nore— The pole distance 0.794 in. was obtained from the 
calculations for temperatures in the mold or chiller, as ex- 
plained in the earlier article.4 


Slope of temperature-space curve at any radius R is 


as). 9.69 in. i 
dR/, RX 12 X 7.05 (thermal conductivity) Qe 





By substituting the above value of Qz and integrating, 
we find that the temperature drop at radius R, below 
the liquidus temperature, (due to conduction of 
sensible heat) is 


R 
v= ff 27.39 X | is72n— ne 490880 
7.94 in. 


or 
R 


AT = 9.13 X 23 R?—R*— 1471.5 oe) 


7.94 


This is a combination of a parabola, a cubic and a 
logarithmic curve. 


At the surface, where R = 9.69 in. 


AT = 9.13 X [23.58 X (9.692 — 7.942) — (9.69% — 7.943) 
7 9.69 \ | _ 
1471.5 iog( 282.) ] 233 F 


In addition there is the drop due to the conduction of 
the 25 Btu/Ib latent heat at liquidus plus heat trans- 
ferred from the liquid, or 


_ 11,730+ Btu/sq ft, hr X 9.69 in. X log, (9.69/7.94) 
t. 7.05 (= C) X 12 
= 267.5 F 


Sum + (233 + 267) = 500 F, or temperature at surface 
— (2260 — 500) = 1760 F 

Repeating the calculation for 0.31 in. depth or R = 
9.38 in., 


AT = 166.5 F, AT’ = 223.5 F, sum = 390E 


AT’ 
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Hence, the calculated temperature at this depth after 
5 min = (2260 — 390) =1870 F. This checks with the 
measured temperature at %,-in. after 5 min. 

At a depth of 1.38 in. or R = 8.31 in. 


AT = 9.13 X [23.50 X (8.312 — 7.942) — (8.318 — 7.943) 


— 1471.5 log, (33)] = 13.3F 


_ 11,730 X 9.69 X log, (8.31/7.94) 
ve 7.05 X 12 


Sum = (61 + 13) = 74 F, or the calculated tempera- 
ture at 1% in. depth and 5 min = (2260 — 74) = 
2186 F, which checks well with the measured 2180 F 
at this depth and time. 


= 61F 





AT’ 


Nore: For accuracy, especially for depths not far from the 
solidification surface, it is necessary either to work out the mul- 
tiplications long hand or to use a calculating machine or a 
seven-place logarithmic table in order to accurately determine 
the small difference between several comparatively large numbers. 


The curves in Figs. 3,4 and 5 were obtained by 
this method, adjusting the value of the thermal con- 
ductivity for each time to make the curve pass through 
the measured points. 

It is not claimed that the equations thus derived are 
rigorously correct. In fact, they probably do not cor- 
respond to the fundamental partial-differential equa- 
tion of heat conduction (Fourier’s equation). How- 
ever, in view of the facts that the thermal conductivity 
is far from being accurately known, that the curves 
agree in form with those of Gréber (which are cor- 
rect for single dimensional heat flow), and that they 
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Fig. 3 — Temperature vs. depth in casting of Roll 1 
(121%¢-in. diameter). 
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Fig. 4— Temperature vs. depth in casting of Roll 2 
(19%-in. diameter). 
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Fig. 5— Temperature vs. depth in casting of Roll 3 
(22%-in. diameter). 





furnish a consistent family of curves passing through 
the measured points, it is believed that the method 
is sufficiently accurate for the purpose for which i: 
was developed. This purpose being to determine th: 
intersections with the liquidus line of curves passing 
through the measured points. 


THERMAL CONDUCTIVITY 

At this point, something should be said about the 
thermal conductivity of the white iron roll shell. Data 
from the literature concerning the conductivity o! 
cast iron show an extraordinary amount of scatter. 
Furthermore, they are limited to not over 800 F for 
any kind of cast iron and to room temperature for 
white cast iron. 

Donaldson!3 found about 4.3 Btu/ft, hr, F for 
cementite, about 29.8 for pearlite and 42 for ferrite. 
Masumoto!4 found about 7.5 for chill-cast iron of 
3.81 per cent C and about 13.3 for white cast iron o1 
3.53 per cent C with no graphite. The presence of 
graphite increases the conductivity. The average figure 
of 29 is fairly well established for gray cast iron. 
Huang!® found an average of 8.7 for chill-cast iron 
(all white, without graphite) having 3.73 per cent C. 

All of the above values are from tests made at ap- 
proximately room temperature. Extrapolation to the 
range concerning the present tests to 1400 to 2200 F 
would be risky. 


Approximate Values 

In view of these uncertainties, it seemed best to 
derive approximate conductivity values for the white 
iron roll shell in this range from data of the present 
tests themselves based on the measured temperatures 
in the outer portions of the roll, as shown in Figs. 3 to 
5, and on the previously calculated amount of heat 
absorbed by the iron mold.4 It was found that to 
make the calculated temperatures agree with the meas- 
ured points, the conductivity would have to be be- 
tween 7 and 9 for Roll 2, and about 14 for Roll | 
(in which, however, the roll temperature measure- 
ments are believed to be too high). 

Tentatively, because no reliance could be placed 
on the chiller data for this roll, the conductivity was 
indicated to be about 6 for Roll 3. The most probable 
average figure for thermal conductivity of this 
chill-cast alloy iron was concluded to be about 9 
Btu/sq ft, hr, F, /ft thickness. 

To correct this condition of lack of, or wide un- 
certainty in, conductivity data, the Roll Manufacturers 
Institute in conjunction with the International Nickel 
Co. sponsored tests at New York Testing Laboratory 
on specimens taken from the shells of actual rolls. 
These showed that the thermal conductivity of this 
white cast iron was 14.5 Btu/ft, hr, F at 80 to 300 F, 
dropping linearly to about 10.5 at about 1000 F and 
then decreasing slightly up to 1500 F. 

Values at temperatures above 1500F were not 
obtained, but in view of the general decrease with 
temperature it seems not unreasonable that the con- 
ductivity should drop to about nine in the 1500- 
2200 F range. This would agree with the average 
figure obtained by calculation from the roll tempera- 
ture data, as stated above. 

One remaining uncertainty pertains to possible var- 











iation of conductivity with direction of heat flow. It 
is known, for example, that ice crystals (and some 
others) show wide variations of conductivity from 
one axis of the crystal to another. In tests of specimens 
cut from the roll shell the direction of heat flow was 
parallel to the roll axis. In solidification the heat flow 
is almost entirely radial. The nearly parallel colum- 
nar iron crystals, which as is well known grow radially 
inward from the outer surface of the chilled shell, 
may have quite a different conductivity for heat flow 
in that direction from that for flow at right angles. 
It is still believed, therefore, that the method of deriv- 
ing the conductivity from the roll temperatures is 
likely to be least inaccurate. 


SPECIFIC HEAT AND LATENT HEAT 


The iron of the roll shell contained 3.38% C, 
1.04% Si and 0.44% Mn. By interpolation between 
the values of UminoS for “white iron” of 3.0 per cent 
C and 3.5 per cent C, the total-heat curve in Fig. 6 
was selected as being probably correct for this iron. 
Then, by measuring the slope of the total-heat curve, 
the specific heat curve in Fig. 6 was obtained. This 
shows 0.153 specific heat for the solid from about 
1500 F to the solidus temperature, 0.281 between 
solidus and liquidus and 0.178 for the liquid above 
the liquidus temperature. 

Later tests made for the Roll Manufacturers In- 
stitute and International Nickel Co. on specimens 
taken from the shell of an actual roll casting showed 
specific heats of 0.158 at 1385 F, 0.162 at 1600 F, 
0.155 at 1760 F, and 0.157 at 2156 F. 

Umino’s data show no latent heat evolved or ab- 
sorbed at the liquidus temperature, but a latent heat 
of 79 Btu/Ib at the solidus (2090 F). However, it is 
known that the latent heat of solidification of pure 
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Fig. 6 — Heat content and specific heat of cast iron of 
3.38 per cent C, 0.06 per cent Si, 0.06 per cent Mn 
(white iron). 
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Fig. 7 — Temperatures in casting measured by Dunphy 
and Pellini.! 


iron is over 100 Btu/Ib (the later tests showed a total 
latent heat of 134 Btu/Ib for the roll iron). Also, 
the austenite crystallizes out at the liquidus tempera- 
ture (determined as 2265 F for the roll iron) except 
where there is much undercooling, and therefore must 
give out some latent heat. 

For these reasons, we have considered it more 
correct to regard the 0.28 specific heat as being 
actually a composite of a latent heat of 25 Btu/Ib at 
the liquidus plus a true specific heat of 0.16 between 
the liquidus and the solidus. There is no use in 
attempting to be accurate here in view of the dis- 
torting effect of undercooling. So long as the total 
heat values shown in Fig. 6 are maintained, this is 
the best that can be done. 


SUPERHEAT AND HEAT TRANSFER FROM 

LIQUID TO SOLIDIFICATION SURFACE 

A factor which undoubtedly influences the depth 
of solidification in a given time is the amount of 
superheat (the excess of the temperature of the liquid 
metal above the liquidus) not at the ladle but at the 
place where the solidification is occurring. Unfor- 
tunately, the only direct indication we had of this 
was furnished by the three inner thermocouples in 
Roll 3 and these seemed to show only about 15F 
superheat, which was used in the calculations. In any 
case, the tests of Dunphy and Pellini (Fig. 7) show 
that the superheat is quickly lost. 

The coefficient of heat transfer from the liquid in 
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Fig. 8 — Depth of solidification vs. square root of time. 


the middle part of the casting to the solidification 
surface advancing inward is high. Based on prelimin- 
ary calculations using the Gréber equations, this 
coefficient was estimated to be about 290 Btu/sq ft, 
hr, F. 

The only other usable data available were derived 
from the tests of Dunphy and Pellini! on solidifica- 
tion of gray iron in sand molds. Part of their Fig. 4 
is reproduced here as Fig. 7. Inspection of these 
temperature-depth curves shows that the apparent 
thermal conductivity of the liquid (including the 
effect of convection currents) must be high. Con- 
sequently, for practical purposes, the temperature of 
the liquid can be taken to be uniform across the 
width or diameter during the period when the auste- 
nite is crystallizing out. 

From the slope and spacing of the Dunphy-Pellini 
curves marked 6, 8, 10 and 12 min, where the unsolidi- 
fied inner part of the casting was at the liquidus 
temperature of their metal (2286 F) it was possible 
to calculate the heat transfer coefficient at the solidi- 
fication surface. By coincidence or otherwise, the 
average came out 298 Btu/sq ft, hr, F. Since this 
checked with the previously obtained figure, it was 
used in the calculations. 

However, in the Dunphy-Pellini tests there was no 
swirl. In the present tests there was initially a decided 
swirl (purposely produced in the roll casting process), 
which would have greatly increased the heat transfer 
coefficient at the solid-liquid interface. After, say, 


3 min or more from the beginning of pouring, it is 
probable that the swirl would largely have died out 
because of liquid friction. 


UNDERCOOLING 


The reason why the points at greater depth than 
the first two were disregarded in Rolls 2 and 3, (Figs. 
4 and 5) is that no curve of theoretically correct form 
could be made to pass through all three measured 
points in Roll 2 or all four measured points in Roll 3. 
The apparently too low position of these inner 
points is attributed to the phenomenon called 
“undercooling.” 


It has been found by other experimenters that 
except when the cooling is slow, the components of 
the liquid do not solidify at the liquidus and solidus 
temperatures, respectively (which apply to extremely 
slow cooling only), but at temperatures appreciably 
lower. This is called undercooling. It occurs both 
below the liquidus and below the solidus, but is 
greater in the case of the solidus. 


Researchers Data 

The available data are from the tests of Schneide- 
wind and d’Amico® and those of Dunphy and Pellini! 
on cast iron, the tests of Siegel! on steel ingots and 
the indications of undercooling given by the roll 
thermocouples in Roll 3 of the present tests. The 
compositions used by these experimenters are shown 
in the Table, and their undercooling results have been 

















COMPOSITIONS OF IRONS AND PERTINENT DATA FROM OTHER EXPERIMENTS 








Ref.* Liquidus Solidus 
No. CT.% & KY Ma% S,% P.% Temp.,F Temp.,F Mold Iron Cooling Rate and Undercooling 
| 3.0 1.05 - - - 2286 2109to 7X7X Gray 18.5 F/min from 2360 F to 2286 F; 
to to 2089 30 in. Sand 3.9 F/min from Liq. to Sol.; 
3.9 1.73 45 F undercooling at 2 in. depth 
9 2.78 1.50 _ - -— 2070 Wedge- White to 500 F/min gave 90 F undercooling; 
Shaped 0.275 in. 240 F/min gave 80 F undercooling, 
Sand Thick at 0.275 in. depth 
11 2.50 1.10 ~ — - - Green White 100 F/min at 1% in. depth, 


12 2.90 0.68 0.24 0.078 0.594 - 


or 
0.234 
17 3.75 0.46 
to to 
4.07 0.96 — _ - ot 
18 Roll Metal — -_ mp a 
(Composition 
not given) 
10 1.0 - - _ 2680 2264 


* Reference Number — Same numbers as used in text. 


Sand undercooling was 151 F. 


Sand White From 2250-2335 F to 1832 F— 54 F/ 
1.2 in. D. min for high sulfur, 55 F/min for 
X 4.1 in. L. normal sulfur to form white iron. 

From 2250 F to 1995 F, 90 F/min. 
11.9 in. D. -- Run-out Tests: 
X 31.6 in. L. For this test 4 cylinders of about the 


Chiller same composition were poured. 


26 in. Diam. White From 200-1832 F — 82 F/min for 


Chiller white at lower end of chiller, 180 
F/min for white at upper end, 
meas. at middle of chill depth. 

1] in. sq. 1%C Not given. There was undercooling 

ingot mold Steel below the liquidus. 





assembled in Fig. 9. The cooling rate in these various 
tests are widely different. 

The tests of Schwartz and Bock11! and those of 
Kikuta!2 were also analyzed, and compared with 
Schneidewind’s in the attempt to find some sort of 
relationship between the amount of undercooling and 
either the rate of chilling or the total time of cooling. 
No definite conclusion could be drawn, however. 
Schneidewind’s undercooling was roughly propor- 
tional either inversely to the square root of the 
cooling time, or directly to the square root of the 
rate of cooling in deg. F/min. Schwartz and Bock’s 
undercooling was roughly proportional to the first 
power of the cooling rate, and was about five times 
as much as Schneidewind’s at a given cooling rate 
(possibly due to different composition of the metal). 

It is undercooling below the liquidus with which 
we are chiefly concerned. Since Dunphy and Pellini’s 
tests indicate that this is rather small, it is felt that 
the error is negligible in taking the intersection of 
the temperature curves in Figs. 3 to 5 with the 
liquidus line, rather than with some unknown under: 
cooling line lying slightly below this, as representing 
the effective depth of solidification. 


THICKNESS OF SOLIDIFIED SHELL vs. 
ELAPSED TIME 

The agreement of the calculated roll-temperature 
curves with the measured points in Roll 1 (Fig. 3) 
is reasonably good. In Roll 2 (Fig. 4) it is excellent, 
except for the temperatures near the liquidus line 
which show discrepancies for reasons already discussed. 
In Roll 3 (Fig. 5), the measured points are too few 
to permit any conclusion. 

The thickness or depth of solidification at each 
time was obtained by the intersection of the calculated 
temperature curve with the liquidus line (for reasons 





previously explained). For example, in Roll 2 at 
3 min after pouring the depth of solidification or 
the thickness of solid shell was 1.35 in. 

Plotting depth vs. square root of time (Chipman- 
FonDersmith!® chart), as in Fig. 8, straight line 
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Fig. 9 — Test data on undercooling during solidification. 
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Fig. 10 — Temperature in chiller 





mold vs. depth of solidification in 
roll casting. 







































































1.8 = 
L7 
L6 
15; DESIRED THICKNESS OF SHELL 
zt 
sia 
al 
£13 
TEMPERATURE AT 
Zip CHOSEN POINT IN __ 
z MOLD 
an 
3 
a !.0 
5 
R09 \ 
Sog 
= 
wo? INITIAL 
TEMPERATURE 
OS F OF MOLD 
* sweat 
100 150 200 250 300 350 400 450 
TEMPERATURE , F 
5. 


relationships were found for Rolls | and 3, and for 2 
up to 134-in. thickness. For greater thicknesses Roll 2 
shows a wide deviation, possibly caused by the double 
pouring. 

CORRELATION OF DEPTH OF 
SOLIDIFICATION WITH MOLD 
TEMPERATURES 
By plotting the depths or thicknesses of solidified 
layer or shell, shown in Figs. 3 to 5 for given 
elapsed times, against temperatures at various depths 
in the iron chiller mold, as shown in Figs. 7 and 8 of 
Reference (4) for the same elapsed times, it was 
found possible to select an optimum radial location 
for a thermocouple imbedded in the mold such that 
the thermocouple reading would indicate quite sen- 
sitively the thickness of solidified layer in the roll as 
the desired thickness was approached. Figure 10 shows 
such a curve. The relationship apparently would not 
change appreciably unless the pouring conditions 
were altered radically, for instance by a great increase 

in the initial superheat. 

Thus, an immediately applicable practical result 
of the experimentai project was the emergence of 
a simple means for telling exactly when the second 
part of the pour in double poured rolls should be 
started in order to produce an alloyed shell of the 
depth or thickness desired. 
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FORMATION OF DISPERSIONS 


ABSTRACT 


The feasibility of forming dispersion hardened 
copper-base alloys by adding the dispersion phase to 
molten copper just before casting has been studied. The 
importance of wettability in the successful application 
of this process is discussed, and results from a simple 
laboratory wettability test procedure are presented. 
Based on these results, molybdenum and tungsten car- 
bide were selected as suitable dispersion materials in 
copper alloys prepared in this manner. Molybdenum 
was successfully dispersed in a copper-aluminum alloy, 
but tungsten carbide could not be maintained in molten 
copper, apparently as a result of a strong tendency 
toward agglomeration. 


INTRODUCTION 

Dispersion hardening is an attractive alloying pro- 
cedure for copper and copper-base alloys since 
strengthening can be obtained with relatively small 
losses in matrix physical properties, such as thermal 
or electrical conductivity. Powder metallurgy studies, 
in which Al,O, and SiO, were selected as the dis- 
persed phase, have demonstrated that a uniform dis- 
persion of fine particles in copper will result in signi- 
ficant improvement in tensile and stress-rupture prop- 
erties. ! 

Powder metallurgy processing would not be feasible 
for large scale low-cost production of copper-base al- 
loys. Therefore, methods of preparing dispersion hard- 
ened copper by other methods are of interest. Of the 
several methods which might be envisioned, prepara- 
tion of dispersion hardened alloys by mixing a finely 
divided solid phase into molten copper just prior to 
casting appeared to be the most versatile process, since 
it should be applicable to a number of different dis- 
persion materials and matrix copper alloy composi- 
t1ons. 

Theoretical considerations indicate that at least 
three factors would be important in the application of 
mechanical mixing of dispersed solid phases in molten 
copper and copper alloys: 


1) The dispersion material must have negligible solu- 
bility in copper, both in the solid state and the 
molten state to at least 100C (212 F) above the 
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IN MOLTEN COPPER BY 
MECHANICAL MIXING 


by D. N. Williams, J. W. Roberts and R. |. Jaffee 


melting temperature. The material must also have 
a melting temperature at least 100 C (212 F) above 
that of copper. 
2) Some wettability of the material by molten copper 
must be present or must be induced by special pre- 
treatment to permit the dispersion material to 
enter into the molten copper. 
The settling or rising rates of the dispersion ma- 
terial in molten copper must be sufficiently low so 
that the alloy can be cast before separation. 


3 


— 


Many materials satisfy condition (1), including not 
only the common oxides, carbides, borides and_ ni- 
trides, but several pure metals or intermetallic com- 
pounds as well. Moreover, calculations based on 
Stokes law indicated that materials as widely different 
in density as Al,O, and WC would have negligible 
separation rates if a nonagglomerated solid phase with 
a particle size approaching one micron was present in 
molten copper. 

Thus, it appeared that the principal problem relat- 
ing to a successful development of the process would 
be the selection of materials which are wet by molten 
copper or copper-base alloys. 


WETTABILITY STUDIES 


Data in the literature relative to the wettability of 
various materials by molten copper are not extensive. 
It has been reported that liquid metals do not wet 
oxides unless a chemical reaction of some sort occurs.? 
Reaction would not be desirable for dispersion-type 
alloys. However, carbides showed a greater tendency 
toward wettability than oxides. 

Studies showed TaC, VC and WC to be wet to 
varying extents by copper at 1100 to 1200C (2012 to 
2160 F) in vacuum.2 Any oxidation of the carbide 
surfaces reduced wettability appreciably. The excellent 
wettability of WC has been confirmed in other studies, 
which showed pure tungsten to be easily wet by molten 
copper in either vacuum or hydrogen atmosphere.* 

In order to confirm the information summarized 
above, as well as to examine the wettability of other 
materials for which no prior data are available, a 
simple laboratory wetting test was devised. This test 
consisted of melting a small amount of copper under 
a hydrogen atmosphere on a surface composed of 
finely divided particles of the proposed dispersion 
material. An unmelted copper bar was placed on a 
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AlvoOs, before test. 


AlvOz, after test (nonwettable). 


WC, after test (wettable). 


Fig. 1— Wettability test sample before and after test. 1 X. 


loose pile of powdered dispersion material contained 
in an Alundum boat, and the boat was placed in a 
furnace at temperature to conduct the test. 


The tendency of the copper to flow over and in- 
filtrated the surface was taken as a measure of wet- 
tability. If extensive flow occurred, the copper was 
sectioned after solidification to determine that wetting 
and not chemical reaction had occurred, A photograph 
of a typical wetting test is shown in Fig. 1. Also shown 
in Fig. 1 are examples of the test as applied to either 
a nonwetted (Al,O,) or a wetted (WC) powder 
sample. The appearance of a section taken through 
the WC test sample is shown in Fig. 2. It is seen that 


TABLE 1— WETTABILITY OF VARIOUS MATERIALS 
IN A HYDROGEN ATMOSPHERE BY COPPER 
AT 1100C (2012 F) 








Wettable Nonwettable 
wc Al,Oz BaO B,C 
Mo,C MgO Bentonite CaS 
CroCg SiO, ZrC TiN 
WwW SrO SiC ZrBo 
Mo CaO VC 








copper has completely infiltrated the powder, and that 
no reaction is apparent. 


Lavoratory Test Results 

A summary of the results of the laboratory wetting 
tests is shown in Table |. All of these tests were con- 
ducted in a furnace at 1100C (2012 F) under a hy- 
drogen atmosphere. The Alundum boat was removed 
from the furnace as soon as the metal became com- 
pletely molten. 

Because of the tendency of molten copper to 
absorb hydrogen, large scale direct mixing of the 
wetted materials under a hydrogen atmosphere would 
not be practical. Therefore, the five wetted materials 
were re-examined using alternate atmospheres. The 
results of these studies are shown in Table 2. The 
metals were easily wet in a carbon monoxide at- 
mosphere, while the carbides were not. In forming 
gas, on the other hand, the carbides were more 
easily wet than the metals. Neither material was wet 
especially well in nitrogen or argon. 

On the basis of the wetting studies, two dispersion 
materials — tungsten carbide and molybdenum — were 
selected for further studies in which an attempt was 


Fig. 2 — Section through a wetting test sample 
of copper and tungsten carbide. 250 X. 








made to prepare dispersion hardened alloys by direct 
mixing procedures. 


MELTING AND CASTING PROCEDURES 

Eight Ib melts were prepared using high-purity 
copper (99.9 per cent), 0.4 to 0.8 micron WC powder 
or 1.5 micron Mo powder. The melts were prepared 
by induction melting in clay graphite or silicon car- 
bide crucibles. The copper was melted under charcoal, 
the charcoal removed to permit hydrogen to burn off 
and then replaced to deoxide the melt. Just before 
addition of the dispersion material, the charcoal was 
removed a second time and an addition of phosphorus 
made. After addition of the dispersion material, the 
melt was cast into a graphite mold from about 1125 C 
(2057 F). The Brinell hardness of unalloyed copper 
cast using this procedure varied from 34 to 52 (500 
kg load). 


TABLE 2— WETTABILITY OF SELECTED 
MATERIALS IN ATMOSPHERES OTHER 
THAN HYDROGEN BY COPPER 
AT 1100C (2012 F) 





Relative Wettability 








Forming Carbon 
Material Nitrogen Argon Gas* Monoxide 
Wc Fair Fair Good None 
MooC _ > Good Fair 
CrgCg _ _ Fair None 
WwW _ _ Fair Good 
Mo None None Fair Good 


*10 per cent Ho, 90 per cent No. 





The dispersion material was added to the melt in 
one of three ways: 


1) Pouring it into a vortex formed by stirring the 
melt (direct addition). 

2) Carrying it beneath the melt surface in a gas 
stream. 

3) Preparing master alloy additions with a high dis- 
persoid:copper ratio. 


Stirring of the melt during mixing was accomplished 
using a molybdenum stirring rod. This stirring rod 
held up quite well as long as deoxidation of the 
melt was relatively complete. 


COPPER:TUNGSTEN CARBIDE 
DISPERSION ALLOYS 

It was found to be difficult to disperse WC in 
molten copper, although 12 Cu: WC dispersion alloys 
were prepared in these studies, as given in Table 3. 
Alloys | through 3 were made by fastening compacted 
pellets of WC:Cu blended powders (ratios of 1:1, 1:3 
or 1:5) to the end of the stirring rod. These compacts 
were pressed at 50 tons/sq in., sintered in hydrogen at 
500 C (932 F) 1 hr and 1000C (1832 F) for 2 hr. The 
two high WC compacts were also vacuum annealed at 
1000 C (1832 F) to remove hydrogen. 

Some WC was found in the ingot prepared using a 
pellet having a 1:5 ratio of WC to Cu, but none 
was detected in microsections of the other two ingots. 
The 1:1 pellet did not disintegrate during stirring and 
was removed intact from the melt. 
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Melts 4 through 6 in which WC was introduced 
beneath the melt surface in a carrier stream of form- 
ing gas contained small amounts of poorly dispersed 
WC, but it appeared that the majority of the addi- 
tion did not remain in the melt. Melt 7, in which the 
two components of the alloy were placed together in 
the crucible before the copper was melted, was also 
not successful. 

Three melts, 8, 9 and 10, were prepared in which 
WC was added directly into a vortex formed by 
stirring. The latter two melts were made with WC 
which had been predried for 8 hr at 110 C (230 F) to 
remove moisture. Again only small amounts of poorly 
distributed WC were found in the ingots after solidi- 
fication. 

Two final attempts to add WC to copper were made 
by first alloying the copper with one weight per cent 
nickel or 0.5 weight per cent sulfur, which are re- 
ported to improve wettability or reduce surface ten- 
sion.?-4 These ingots also showed only minor reten- 
tion of WC. 


TABLE 3— TUNGSTEN CARBIDE ADDITION 
TO MOLTEN COPPER 








Intended Brinell 
composi - hardness, 
tion, as-cast 
Melt Method of vol., Melt (500 kg 
no. addition % atmosphere _ load) 
1 Compact (1:1) 2 argon 44 
2 Compact (1:3) 1 argon 46 
3 Compact (1:5) 0.5 argon 44 
4 Gas stream (forming gas) l forming gas 42 
5 Gas stream (forming gas) 1 forming gas 45 
6 Gas stream (forming gas) 1 forming gas 38 
7 Placed on bottom of 
crucible 1 forming gas 31 
8 Direct 1 forming gas 42 
9 Direct (predried) 1 forming gas 30 
10 Direct (predried) 1 forming gas 42 
11 Direct (predried) to 
Cu-1Ni melt 1 forming gas 57 
12 Direct (predried) to 
Cu-0.5S melt 1 forming gas 41 





A typical example of WC in copper, such as was 
observed in most of these ingots, is shown in Fig. 3. 
This photomicrograph was made from a section of the 
ingot from Melt 11. When WC was present, it was 
usually found to be in large agglomorated masses, as 
shown in Fig. 3. This tendency toward agglomeration, 
with the resultant increased rate of settling out of the 
dispersed phase, may account for large losses of WC 
in all of these melts. 


COPPER: MOLYBDENUM 
DISPERSION ALLOYS 
Descriptions of 15 Cu:Mo dispersion alloys are 
given in Table 4. Four melts, 13 through 16, were 
prepared in which the use of master alloys was 
attempted. Two of the melts were made with sintered 
master alloys, prepared in the same manner de- 
scribed previously, including vacuum annealing. The 
other two were prepared using master alloys made 








Fig. 3 — A cluster of tungsten carbide in copper (from 
Melt 11). 500 X. 


by infiltrating molybdenum powder with molten 
copper in a hydrogen (Melt 15) or carbon monoxide 
(Melt 16) atmosphere. These alloys contained 25 
weight per cent molybdenum (1:3 ratio of molybde- 
num to copper). 


On addition of the master alloys, a foam or froth 
was seen to form on the surface of the melt, except 
for Melt 13 where the pellet remained intact. On 
examination this foam was found to contain almost 
all of the molybdenum, which was present in clusters 


TABLE 4— MOLYBDENUM ADDITIONS 
TO MOLTEN COPPER 








Intended Brinell 
composi- hardness, 
tion, as-cast 
Melt Method of vol., Melt (500 kg 
no. addition % atmosphere _ load) 
13 Compact (1:1) argon 40 
14 Compact (1:3) 5 argon 38 


carbon monoxide 45 


15 Premelted pellet (1:3)° 
carbon monoxide 48 


16 Premelted pellet (1:3)° 
17 Gas steam, nitrogen 


18 Direct 

19 Direct (predried) 
20 Direct (predried) 
21 Direct (predried) 
22 Direct (predried) 
23 Direct (predried) 


24 Direct (predried) to 


argon 46 
argon 36 


carbon monoxide 49 
carbon monoxide 38 
carbon monoxide 50 
carbon monoxide 44 


hydrogen 43 


en ee ee ee 


Cu-INi 1 carbon monoxide 59 
25 Direct (predried) to 

Cu-10Al* 2 carbon monoxide 85 
26 Direct (predried) to 

Cu-2Al 2  carbonmonoxide 50 
27 Direct (predried) to 

Cu-l4 Al 2  carbonmonoxide 45 


* Powder treated in hydrogen to deoxide before addition. 
» Pellet prepared under hydrogen. 
© Pellet prepared under carbon monoxide. 








around gas bubbles in a matrix of copper. A phot. 
micrograph of a section through the foam from Me): 
16 is shown in Fig. 4. Apparently, some reaction ji; 
the melt, probably oxidation of molybdenum, ;, 
sulted in gas formation followed by removal of th- 
molybdenum of a flotation process. Microexamin:- 
tion of the cast ingots showed only small amounts of 
molybdenum to be present, and then mostly in large 
agglomerated clusters. 

Attempts to add molybdenum in a nitrogen strean) 
Melt 17, or by direct addition to a vortex in the 
melt, Melts 18 through 23 were. similarly unsucces; 
ful. Addition of 1 per cent nickel, Melt 24, also had 
no effect. Foaming was excessive in all cases excep 
Melt 23, which was made under hydrogen. Although 
no foam was observed in the melt, hydrogen absorp- 
tion prevented the casting of a sound ingot. Predry- 
ing of the molybdenum powder at 110C (230 F) 
apparently had no effect on the mixing process. 


Gas Source 

The most plausible source of the gas leading to 
foaming and loss of molybdenum was MoO, from 
oxidation of the molybdenum powder. To eliminate 
any possible oxidation, Melt 25 was prepared in 
which 10 weight per cent aluminum was alloyed with 
copper to prevent oxygen from entering the melt. The 
molybdenum dispersion material was annealed in 
hydrogen and sealed in argon prior to use to elimi- 
nate surface oxide. The molybdenum was introduced 
into the melt in a vortex developed by stirring and 
appeared to remain in suspension. 

Metallographic examination of the ingot showed 
a good dispersion to have been produced, although 
some agglomeration was observed. The structure of 
this melt is shown in Fig. 5. The remaining two melts, 
26 and 27, were prepared to determine whether the 
amount of aluminum could be reduced. In both 
cases, good dispersions resulted. These alloys were 
prepared frum powders which were not reduced in 
hydrogen before addition to the melt, indicating that 
the principal source of difficulty was oxygen in the 
melt not oxide on the molybdenum. 


DISCUSSION OF RESULTS 


These studies have demonstrated the feasibility of 
forming dispersion hardened copper alloys by add- 
ing the dispersed phase as a finely divided solid to 
the copper melt prior to solidification. 

Although the optimum mixing procedure and 
method of addition have not been developed in this 
investigation, it appears that direct addition of the 
powdered dispersion phase into a vortex formed by 
a stirrer operating in the melt may be practical. How- 
ever, because of oxygen pickup in the melt, as 
evidenced by the flotation tendency of the molybde- 
num addition after phosphorus deoxidation of the 
melt, further process modification may be required. 
It can be concluded from the present study that 
appreciable oxidation of the melt occurred during 
stirring, even though a gas blanket was maintained 
over the melt at all times. However, suitable alloying 
of the copper melt can reduce this problem. 

Wetting, as anticipated, was of major importance. 


















Fig. 4—- Molybdenum clustering around gas 
bubbles in the foam formed on Melt 16. 250 X. 


However, it is conceivable that many intrinsically 
nonwettable materials could be introduced into cop- 
per if suitably pretreated. Such a treatment might 
aim at coating the particles with copper or a material 
easily wet by copper. This process could be applied to 
most materials of potential interest. Agglomeration of 
the particles into large clumps, with a resulting in- 
crease in the tendency for separation before casting, 
was an unexpected difficulty. Methods for reducing 
this problem may have to be devised. As shown by 
the present work, the agglomeration tendency pre- 
vented the formation of a WC dispersion in molten 
copper. 

No attempts were made in this investigation to 
develop either the optimum amount of the addi- 
tions which were examined, or to select the most 
desirable dispersed phase or matrix composition for 
dispersion-hardened copper-base alloys. This study 
was intended primarily to demonstrate the feasibility 
of producing dispersion-hardened copper-base alloys 
by some method other than powder metallurgy proc- 
essing. Additional research will be required for the 






Fig. 5— Molybdenum dispersed in copper 10 
weight per cent aluminum alloy (Melt 25). 
500 X. 


selection of desirable compositions and the measure- 
ment of mechanical and physical properties of dis- 
persion-hardened copper-base alloys prepared in the 
melt, cast and fabricated by conventional methods. 
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MOLDING SAND CONTROL BY 
GREEN COMPRESSIVE AND 
SHEAR STRENGTHS TESTING 


by R. W. Heine, E. H. King and J. S. Schumacher 


ABSTRACT 


A method for determining the bonding power of 
clay in foundry sands quickly and accurately is pre- 
sented by the authors. This method uses “effective clay 
content,” defined as the bonding power of the clay in 
a used foundry sand expressed as a percentage equiva- 
lent to bonding power of a given new clay amount. 


INTRODUCTION 


A quick and accurate method of determining the 
bonding power of clay in foundry sands is described. 

The control of foundry molding sand has rapidly 
progressed from the standpoint of the technology of 
the individual tests, as well as the acceptance by the 
foundryman of the need of control. A great deal is 
known about the relationship of the physical values 
of new sand mixtures comprising clay, sand and wa- 
ter, with or without additives. When molding sand is 
reused in daily foundry practice, rebonded and re- 
mulled many times over, it results in a molding sand 
which contains some badly burned and completely 
dehydrated clay, various levels of partially burned 
clay and certain levels of new clay content. This, 
then, raises the question as to the bonding efficiency 
of the AFS or true clay content in a given molding 
sand. 

The authors have chosen the term “effective clay 
content” as being descriptive of the bonding power of 
the clay in a used foundry sand, expressing it as a per- 
centage equivalent to the bonding power of a given 
amount of new clay. Control of bonding power in a 
used foundry sand then means control of the effec- 
tive clay content of the sand. This is done by the 
method described in this paper. 

Molding sand control by green compressive and 
shear strengths testing is based on the graph shown in 
Fig. 1. Figure 1 shows how green compressive and 
green shear strengths are related to the new or effec- 
tive clay percentage present in the sand. Figure | 
pertains to molding sand made of all new ingredients, 
and mixed to bring out maximum green strengths. 
Using Fig. 1, it is possible to determine the effective 
clay content of any foundry molding sand. Effective 
clay is defined as clay equivalent to new clay in its 
bonding ability of developing green compressive and 
green shear strengths in the sand. Figure 1 shows 
green compressive strength plotted on the vertical 
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scale and green shear strength on the horizontal scale 
at the bottom of the graph. At the top of the graph 
is the scale showing the effective clay percentage of 
bentonite (western and southern).and fireclay. The 
lines sloping downward to the left are for the effec- 
tive clay percentages on the top horizontal scale. 


EFFECTIVE CLAY CONTENT MEASUREMENT 


To illustrate the use of Fig. 1, consider foundry 
sand No. | in the Table bonded with bentonite. By 
measurement, the green compressive and green shear 
strengths of this sand were found to be 17.8 psi and 
4.7 psi, respectively, by the standard AFS 3 ram test. 
Entering Fig. | at 17.8 psi green compressive strength 
and 4.7 psi green shear strength, the effective per- 
centage of bentonite clay in this sand is found to be 
6.1 per cent by interpolation between the 6 per cent 
and 8 per cent curves. However, the Table shows that 
the same sand contained 19.0 per cent AFS clay and 
10.40 per cent true clay by analysis. 

The analytical method for measurement of AFS 
clay! by a settling test includes all particles finer than 
20 microns in size whether they be clay particles, silt 
or organic matter. Thus, AFS clay includes matter 
which does not function as effective clay. The analyt- 
ical method for determining true clay? is the same as 
for AFS clay, but deducts the organic matter and wa- 
ter of hydration present. Thus, the true clay per- 
centage can include fine particles such as silt or dead 
clay which does not function as effective clay or new 
clay in contributing to green strength properties. 
There may be a substantial difference between the 
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Fig. 1— Relationship of green compressive strength, 
green shear strength and effective clay content. 














eficctive percentage of clay in a molding sand and 
the percentages of AFS and true clay present, as in 
the example cited above. 

Figure | shows green strength and effective clay con- 
tent relationships for fireclay as well as bentonite. 
Consider foundry sand No. 6 in the Table containing 
fireclay as the bonding agent. At 11.8 psi green 
compressive strength and 2.7 psi green shear strength, 
the effective percentage of fireclay in this sand is 
then 10.50 per cent. Note that AFS clay for this sand 
is 16.4 per cent and per cent true clay is 10.11. 

Sand control aims at maintaining a constant known 
percentage of effective clay in the sand. Figure | pro- 
vides a means of determining the effective clay con- 
tent of molding sand from the simple measurement 
of green compressive and green shear strengths of 
the standard AFS 2.0 in. x 2.0 in. diameter specimen. 


SAND CONTROL BY GREEN 
STRENGTH TESTING 

As stated, Fig. 1 provides a means of measuring the 
effective bentonite or fireclay in a molding sand. 
Green compressive and shear strengths at any particu- 
lar effective clay content depend on the moisture 
content of the sand and the amount or ramming of 
the specimen. Increasing moisture content, for ex- 
ample, causes the green compression and _ shear 
strengths of the standard AFS three ram specimen to 
decrease along the curve toward the origin; or if the 
moisture content is held constant, then decreasing the 
ramming will cause the green compression and shear 
strengths to move down along the curve toward the 
origin. 

These principles make it possible to establish a 
sand control procedure based on the standard AFS 
three ram specimen (ramming is thus held constant). 
Figure 2 is the basis of this control procedure, and is 
simply an extension of Fig. 1. As the moisture con- 
tent decreases, the green strengths of the standard 
AFS sample increase. For example, at 8 per cent ben- 
tonite the green strength of the standard AFS sam- 
ple increases toward 25 psi compressive, and 7.0 psi 
shear strength as moisture content decreases. How- 
ever, as moisture content decreases the sand even- 
tually becomes too dry for molding and will no longer 
develop adequate dry compressive strength for casting 
purposes. 

Casting and molding defects associated with dry 
sand will then occur. Dirty castings, expansion de- 
fects, over-rammed or cracked molds are examples of 
such defects. On increasing moisture from too dry to 
too wet, the green strengths of the standard AFS sam- 
ple decrease as moisture increases. However, as mois- 
ture content increases the sand becomes too wet for 
molding and casting purposes. When the sand is too 
high in moisture content it becomes sticky and loses 
flowability in molding. The castings may then show 
a rough surface finish and may evidence gas defects 
from the excess of moisture. 

Thus, it is possible to put limits of green compres- 
sive and green shear strengths of the standard AFS 
sample on each curve of effective clay content, as 
shown in Fig. 2. The limits shown on Fig. 2 then de- 
fine the control limits for the molding sand as used. 
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Fig. 2-— Relationship of green compressive strength, 

green shear strength and effective clay content to 

limits of flowability. 
The consequences of exceeding the high strength 
limits for a particularly effective clay content are 
those associated with excessively dry sand such as 
dirts, cuts, washes and over-ram. The consequences 
of falling below the strength limits for a particular 
effective clay content are those associated with ex- 
cessively wet sand. 

Thus, two simple tests, the three-ram green com- 
pressive and green shear tests, make it possible to 
determine whether a sand contains the proper per- 
centage of effective clay and also the proper mois- 


GREEN COMPRESSIVE AND GREEN SHEAR 
STRENGTHS OF SOME FOUNDRY SANDS 








Effective 

AFS True Clay, Mold 

Sand T.C., Clay, Clay, % MgO, GCS, GCS, Hard- 

No. Type % % % (Fig.1) % _ psi* psi* ness* 

1 Bentonite, 15.20 19.0 1040 6.18 62 178 4.7 88 
gray iron 

2 Bentonite, 75 11.0 7.36 608 46 195 49 90 
gray iron 

3 Bentonite, 265 92 7.59 408 30 123 2.5 88 
gray iron 


4 Natural, 225 236 22.07 125F 74 112 28 87 
non-ferrous 

5 Bentonite, 10.30 13.60 7.62 608 54 158 42 90 
gray iron 

6 Fireclay, 10.75 16.40 10.11 10.5F 68 118 2.7 87 
gray iron 

7a Bentonite, — 8.8 5.8 5.58 34 17.3 40 91 

gray iron 

Fireclay, — 13.0 90 145rF 62 100 29 87 

gray iron 

8 Bentonite, — —_— _— 4.58 4.0 13.1 3.15 87 
aluminum 

9 Bentonite, 2.5 100 68 4.58 4.1 15.1 . 3.35 87.5 
aluminum 

10 Bentonite, 6.5 11.0 - 5.78 42 14.1 3.7 845 
gray iron 

1] Fireclay, 76 12.8 — 150 46 10.1 3.0 87 

gray iron 

Bentonite, — _ — $0 24 128 24 90 

brass 

Effective per cent bentonite. 

Effective per cent fireclay. 

three-ram sample. 
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ture content for producing good molds and good cast- 
ings. Figures 1 and 2 make this control testing pro- 
cedure possible and workable. 

The control limits shown on Fig. 2 are the range of 
strength values that appear likely for bentonite 
bonded sands used under. foundry conditions; for 
example, at 6 per cent bentonite the range is set at 
14.0 to 20.0 psi compressive strength for bentonite- 
bonded sands. Actually, a narrower range might be 
specified for precise control. The narrower range is 
selected on the basis of the particular type of casting 
and molding conditions prevailing in a particular 
foundry. Under some circumstances, for example in 
the skin-drying of molds, a foundry might wish to con- 
trol a sand below the limits shown, i.e. wetter. 

As another example, steel foundry sands are oper- 
ated much wetter, and the loss in flowability is ex- 
pected and accepted to obtain the advantage of a 
wetter sand. In other words, a particular foundry must 
set its own control range based on the needs of oper- 
ations peculiar to its own circumstances. For example, 
foundry sand No. 2 in the Table containing 6 per cent 
effective bentonite could. have a limiting control 
range of 16.0 to 20.0 psi green compressive strength 
and 4.2 to 5.1 green shear strength for the size of 
gray iron castings made and molding conditions ex- 
isting in this foundry. It should be emphasized that 
the limits on Fig. 2 apply to bentonite-bonded sands. 
Similar limits can be constructed for fireclay bonded 
sands. 


SUMMARY 


Molding sand control by green compressive and 
green shear strengths testing is based on the relation- 
ships shown in Fig. 1. The green strength tests make 
it possible to determine that the desired and specified 
effective clay content is maintained in the sand. If 
insufficient effective clay is present, then, obvious- 
ly, more new clay must be added until the desired ef- 
fective clay content is reached. Once the effective 
clay percentage is controlled, then the limits of green 
compressive and green shear strengths for variable 
moisture content can be specified for the particular 
clay content. 

Sand exceeding the limits on the high side is too 
dry, and sand below the limits is too wet for satisfac- 
tory use. The behavior of the sand can thus be pre- 
cisely controlled. In addition, the effective clay con- 
tent may be compared with the AFS and true clay 
analysis. If the latter analyses are substantially higher 
than the effective clay content, the sand then con- 
tains much inactive or dead clay which contributes 
little to bonding. Such dead clay requires the use of 
excessive moisture percentages in order to adequately 
plasticize the sand, and leads to problems attendant 
to high moisture content molding sands. 

If the clay analysis is lower than the effective clay 
content, an error in analysis is suggested or some 
material other than clay is producing shear strength 
—cereal, for example. This control procedure thus 
provides the information necessary to sand control 
for prevention of casting defects associated with un- 
known variation in clay content of the sand. 

New sand mixtures, should give strength values as 





shown on Figs. | and 2 unless the sand is inadequat 
mulled. The effectiveness of mulling in the found: 
can also be determined by remulling sand from ¢). 
foundry sand system in a laboratory muller. Inad 
quately mulled sand will show a low effective c| 
content. Remulling will raise the effective clay co: 
tent if maximum has not already been obtained. 

The effects of various ingredients in the sand ca 
also be evaluated by the test in terms of wheth: 
their effect is to lower effective clay content or caus 
the optimum values to be readily reached. For e 
ample, balling due to fines will cause a lower tha: 
normal effective clay content to be obtained from 
given percentage of new clay. 


CONCLUSION 

Based upon actual field testing by the authors ove: 
a wide number of foundries, it now appears that the 
above described method of determining the effective 
clay should go a long way in removing the mystery 
and variables in practical shop sand control. If, in 
addition, the information now known about the mois- 
ture requirements of molding sand is applied using a 
satisfactory and consistent fineness and distribution of 
base sands, the bonding power of the clay can be con- 
trolled within the desired limits. This should lead to 
the production of better quality castings at lower 
cost. 
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APPENDIX 
The green shear test requires the following pre- 
cautions for reproducibility and accuracy: 


1) The sand should be put through a No. 6 mesh 
sieve. Coarse lumps cause erratic green shear test 
values. 

2) The sand should not be permitted to air dry the 
slightest bit. Air drying causes high and erratic 
green shear values. 

3) A dry sand, approaching the upper limits of the 
chart, tends to give erratic green shear values. If 
the most precise determination of effective clay 
content is desired, the sand should be remulled 
to a higher mositure content. 

4) A general review of green shear, tensile and com- 
pressive strengths property relationships is given 
in reference (3). This reference points out that 
when a sand is over-rammed the green compres- 
sive and green shear strength relationship departs 
from the straight lines shown in Figs. 1 and 2 
in the direction of higher compressive strength at 
a given shear strength. Figures 1 and 2 are lim- 
ited to the standard AFS ramming procedure. 
Ramming with a greater number of rams could 
cause over-ramming and curvature away from the 
straight lines shown especially at 6 per cent ef- 
fective bentonite and below. The use of this test 
then is advised to use the standard ramming pro- 
cedure. 











ULTRA HIGH PRESSURE CASTING 


ABSTRACT 


Aluminum Alloy A-356 was subjected to pressures 
as high as 100,000 psi during solidification to deter- 
mine the effect of ultra high pressures on the physical 
properties. In most cases the molten metal was vacuum 
degassed before casting. 

The high pressures applied during solidification re- 
fined the grain size and the eutectic silicon size, in- 
creased the silicon concentration of the eutectic and de- 
creased the amount of eutectic present regardless of 
the casting variables used. 

The time during solidification that the pressure was 
applied was critical. If it was applied too soon a concen- 
tration of eutectic was developed at the center of the 
casting; if applied too late the structural changes did 
not occur. 

The high pressures produced consistently high 
strengths and unusually high elongation under almost 
all casting conditions. The density, soundness and sur- 
face finish of the castings were all excellent. 

Pressures of 50,000 psi yielded properties similar to 
that produced by 100,000 psi, and were considerably 
less difficult to use. 


INTRODUCTION 


This research was conducted primarily to explore 
the principles involved in solidifying metal under ex- 
tremely high pressures, in order to achieve and con- 
sistently reproduce higher mechanical properties in 
castings. The project was sponsored by, and this pa- 
per was prepared with the approval of, the Manu- 
facturing Methods Div., Aeronautical Systems Center, 
U.S. Air Force. 

Since this investigation was exploratory, all work 
was confined to simple cylindrical and rectangular 
cast blanks of A-356 Aluminum alloy having a cross- 
section area of | sq in. and suitable for machining 
standard A.S.T.M. tensile bars. 

In order to eliminate undesirable variables, and to 
assure that high quality molten metal was cast, the 
major portion of the casting conditions were made 
with vacuum degassed metal. The effect of casting 
from atmospheric pressure to 100,000 psi pressure was 
determined under the following variable conditions: 


a) Air melted and vacuum degassed metal. 
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b) Mold temperature from 350F (177C) to 800F 
(427 C). 

c) Metal pouring temperature from 1200F (649C) 
to 1400 F (760 C). 

d) Time of pressure application after pouring from 
2.50 to 30 sec. 

e) Surface to volume ratio, using round and rec- 
tangular molds. 


EQUIPMENT 


A-356 aluminum ingots were melted in an elec- 
tric resistance furnace having a maximum operating 
temperature of 1600 F (871 C). A graphite crucible 
with a capacity of 100 lb of aluminum was used as 
a melting pot. The temperature of the metal was con- 
trolled with a circular chart temperature recorder 
and controller. 

The vacuum tank was of two piece design, the bot- 
tom portion being shallow so that the vacuum seal 
was as far as possible from the heat reflected from the 
furnace. The 4 in. line to the vacuum pump, the 
thermocouple feed-through and the 220 volt power 
feed-through for the furnace were all in the shallow 
bottom section. This permitted the larger top section 
to be set in position or removed easily without break- 
ing any connections. 

The single seal was maintained with a silicone rub- 
ber gasket at the machined parting line. The vacuum 
pump had a capacity of 202 cu ft/min and could 
produce a vacuum to 10 microns. The vacuum ob- 
tained was measured by a thermocouple vacuum 
gage capable of continuously measuring vacuums 
from one to 3000 microns. 


Mold Assembly Measurements 

The mold assemblies for pressure casting bars hav- 
ing a | sq in. cross-section are shown in Fig. 1. The 
round mold cavity had a 1.131 in. bottom diameter, 
1.40 in. top diameter and was 8.3 in. long. The rec- 
tangular mold cavity was 1.50 in. by 0.667 in. at the 
bottom, 1.75 in. by 0.75 in. at the top and 8.3 in. long. 
These molds were mounted on a 600 ton vertical cast- 
ing machine which had an 8 in. hydraulic cylinder 
on the lower fixed platen to apply pressure to the 
metal during the freezing cycle. 

The pressure was applied to the casting by means 
of a loose plug similar to the dummy block used in 
the extrusion of aluminum. To check the actual pres- 
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Fig. 1— Round die assembly used to cast aluminum 
under high pressures. 
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sure delivered by the hydraulic cylinder, eight 
bonded wire strain gages were attached to the ex- 
tension connecting the hydraulic cylinder piston rod 
to the ram under the die. The mold temperature was 
checked by a thermocouple inserted into it and con- 
nected to an indicating pyrometer. 

The parting line seal for the rectangular mold dif- 
fered from the round mold in that it was entirely flat 
rather than conical. 


METHOD 


The results obtained by the use of ultra high pres- 
sure casting in this experiment are dependent upon 
the method used to apply the pressures. After 100 Ib 
of pre-alloyed A-356 aluminum ingot was melted in 
the electric resistance furnace it was fluxed with igni- 
tion fluxes. The hood was then placed over the fur- 
nace and a vacuum of 500 microns was maintained 
for one hr while the melt was heated to pouring 
temperature. After the vacuum was released the hood 
was removed and a sample was taken for analysis. 

In the case of the atmosphere castings a ceramic 
hot top was placed on the mold to help produce op- 
timum filling conditions. When casting under pres- 
sure the metal was poured into the open mold under 
atmospheric pressure. The casting machine was then 
closed and the pressure applied at the base of the 
tapered casting before, during and after complete so- 
lidification had taken place. A portion of the applied 
pressure was absorbed by the solidified shell of metal 
adjacent to the mold wall. 

As the casting solidified, more of the pressure was 
absorbed by the frozen metal so that the last metal to 


freeze was under the lowest casting pressure. It wa 

therefore, noted that a definite minimum pressu:, 
was necessary to obtain satisfactory results. The pr 

sure was maintained on the metal until the castin, 
cooled to about 600F (316C). The metal pressui. 
was adjusted by varying the hydraulic pressure use! 
to actuate the 8 in. hydraulic cylinder. 

This could be varied from 100 to 2000 psi which 1 
sulted in metal pressures of 5,027 to 10,540 psi. 8B, 
checking with the bonded wire strain gages, the met: 
pressure was held to these tolerances: 


10,000 psi + 200 psi 
20,000 psi + 400 psi 
50,000 psi + 800 psi 
100,000 psi + 1200 psi 


The castings produced were ideal for preparing 
standard A.S.T.M. tensile bars having an 0.505 in. re- 
duced diameter and a 2 in. gage length. 

Each casting condition was tested for these prop- 
erties: 

a) Radiographic soundness. 

b) Density. 

c) Tensile strength, yield strength at 0.2 per cent 
offset, elongation in 2 in. and Brinell hardness in 
the as-cast and T-6 heat treated condition. 

d) Macrostructure. 

e) Microstructure. 


RESULTS 

Examination of the radiographs (which were taken 
of every group produced) showed that all castings 
produced at 50,000 and 100,000 psi pressure were ra- 
diographically sound regardless of the casting condi 
tions used. Castings produced at atmospheric pres- 
sure were sound, except for those cast at extremely 
high mold and metal temperatures which contained 
porosity near the top end. 

Castings produced at 10,000 psi and 20,000 psi con- 
tained numerous cracks, fissures and shrink cavities. 
Due to these cracks and fissures, many of the tensile 
bars made at these pressures were broken while be- 
ing machined from the casting. 

The density results confirmed the radiographic in- 
dications of porosity and fissures. In addition, the ap- 
plication of high pressures yielded a slight but con- 
sistent increase in the observed density of the bars. 
The range of densities obtained for atmospheric, 50,- 
000 psi and 100,000 psi pressures were: 


Low High Avg. 
Atmospheric Pressure 2.666 2.682 2.675 
50,000 psi 2.680 2.687 2.682 
100,000 psi 2.680 2.693 2.683 
Quantometric analyses were made of the metal be- 


fore each casting condition was produced. The range 
of composition from melt to melt was: 








Un Bip ok ween dis ckes toy oe eete 6.70 — 7.10 
MNOS. SA wiiewUd nou teae te a wae S <0.20 
ST es Glasll owita eSeek ae aah dice al 0.11 — 0.14 
SE a er ee 0.33 — 0.36 
Cee ee 0.13 — 0.15 


For composition of A-356 Alloy see Spec. MIL-C- 
21180A (ASG). 
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Fig. 2— Metal pressure and vacuum degassing effect 
on A-356 as-cast properties. Metal temperature, 1250 F; 
mold temperature, 500 F; pressure delay, 2.5 sec. Made 
in round mold. 


Casting Pressure Effect on Air Melted 
and Vacuum Degassed Metal 
Produced in a Round Mold 

The castings used in this comparison were made in 
the round mold, pouring temperature 1250 F (677 C), 
mold temperature 500 F (260C) and pressure ap- 
plied 2.50 sec after pouring. 

The bar graph in Fig. 2 shows the as-cast proper- 
ties. The castings made at 10,000 psi and 20,000 psi 
produce a negative result because of the cracks and 
fissures formed. Although there is a slight improve- 
ment in all properties before degassing with the use 
of high pressure, a more significant difference is pro- 
duced after degassing. The yield strength is only 
slightly improved, but the tensile strength is in- 
creased to over 30,000 psi and the elongation in- 
creased to over 12 per cent. 

The bar graph in Fig. 3 shows the T-6 heat treated 
properties. Before degassing the results are somewhat 
erratic, with 50,000 psi pressure yielding better prop- 
erties than 100,000. psi. After degassing there is little 
improvement in properties with increased pressure, 
except for the elongation which once more exceeds 12 
per cent. 


Mold Temperatures and Pressure Effect 


The castings in this comparison were made in the 
round mold, metal pouring temperature 1250 F 
(677 C), pressure delay 2.50 sec, vacuum degassed 
metal and with mold temperature varied from 350 F 
(177 C) to 800 F (427 C). 

The bar graph in Fig. 4 shows the as-cast prop- 
erties. The tensile strength increases with increased 
pressure at all mold temperatures with an overall de- 
crease with increased mold temperature over 500 F 
(260 C). The yield strength is also slightly increased 
by pressure at all mold temperatures. The elonga- 
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Fig. 3 — Metal pressure and vacuum degassing effect 
on A-356-T6 properties. Metal temperature, 1250 F; 
mold temperature, 500 F; pressure delay, 2.5 sec. Made 
in round mold. 


tion is increased by pressure at all mold temperatures; 
however, it is generally decreased by the higher mold 
temperatures and is only 6 per cent at 800 F (427 C) 
mold temperature and 100,000 psi pressure. 

Figure 5 shows the T-6 heat treated properties. The 
application of high pressure slightly improves the 
strength at low mold temperatures. At mold tempera- 
tures of 600 F (316C) and above, the atmospheric 
pressure strengths drop off but the high pressure 
strengths are maintained. The elongation is improved 
at all mold temperatures by high pressure, but once 
more decreased at extremely high mold temperatures 
of 800 F (427 C) to about 6 per cent. 
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Fig. 4— Metal pressure and mold temperature effect 

on A-356 as-cast properties. Metal temperature, 1250 F; 

pressure delay, 2.5 sec. Made in round mold and vacuum 


degassed. 
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Fig. 5 — Metal pressure and mold temperature effect 
on A-356-T6 properties. Metal temperature, 1250 F; 
pressure delay, 2.5 sec. Made in round mold and vacuum 
degassed. 


Pouring Temperature and Pressure Effect 

The castings in this comparison were made in the 
round mold, mold temperature 500 F (260(C), pres- 
sure delay 2.50 sec, vacuum degassed metal and 
poured at temperatures from 1200 F (649(C) to 1400 
F (760 C). 

Figure 6 shows the as-cast properties. High pres- 
sures at all metal pouring temperatures increased 
the tensile and yield strengths. The elongation was 
steadily increased at the lower metal temperatures by 
increased pressure, but at high metal temperatures 
50,000 psi pressure yielded better elongation than 
100,000 psi pressure. 

Figure 7 shows the T-6 heat treated properties. In- 
creased pressure increased the tensile and _ yield 
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Fig. 7 — Metal pressure and metal temperature effect 
on A-356-T6 properties. Mold temperature, 500 F; 
pressure delay, 2.5 sec. Made in round mold and vacuum 
degassed. 
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Fig. 6 — Metal pressure and metai temperature effect 
on A-356 as-cast properties. Mold temperature, 500 F; 
pressure delay, 2.5 sec. Made in round mold and vacuum 
degassed. 


ATM 50 100 


strengths at all metal pouring temperatures. The elon- 
gation was increased by pressure at the lower pour- 
ing temperatures, but at 1300 F (704C) and 1400 F 
(760 C) pouring temperatures with higher elongation 
than normal at atmospheric pressure it remained con- 
stant at about 9 per cent. 


Effect of Time Pressure Applied After Casting 
The castings in this comparison were made in the 
round mold, pouring temperature 1250F (677 C), 
mold temperature 500F (260C), vacuum degassed 
metal and the pressure delay varied from 2.50 to 30 
sec. 
Figure 8 shows the as-cast properties. There is little 
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Fig. 8 — Metal pressure and pressure delay (time in- 
terval between the time metal is poured and pressure 
is applied) on A-356 as-cast properties. Metal tempera- 
ture, 1250 F; mold temperature, 500 F. Made in round 
mold and vacuum degassed. c 














variation in tensile or yield strength with variation in 
pressure delay from 2.5 to 30 sec. The elongations are 
all high, and at 5 sec delay reach an outstanding value 
of 18 per cent for this test. 

Figure 9 shows the T-6 heat treated properties. 
Pressure delay once more has little effect on the ten- 
sile or yield strength, while the elongation at 5 sec de- 
lay is exceptionally high. 


Increased Chill on Air and Vacuum 
Degassed Metal Effect 


The castings in this comparison were made both 
in the round and rectangular molds, air melted 
and vacuum degassed, pouring temperature 1250 F 
(677 C), mold temperature 500 F (260 C) and pressure 
applied 2.5 sec after pouring. 

The round mold produced a bar having a one sq 
in. cross-section at the base with a diameter of 1.125 
in. The rectangular mold produced a bar having a 
one sq in. cross-section at the base and a thickness of 
0.625 in., therefore the amount of chill in the rec- 
tangular mold was considerably greater than that in 
the round mold. 

Figure 10 shows the as-cast properties. In every 
case increased pressure yielded higher tensile 
strengths, higher yield strengths and higher elonga- 
tion. Increased chill yielded better properties (nota- 
bly elongation) in the air melted metal but im- 
proved only the atmospheric pressure cast properties 
after degassing. 

Figure 11 shows the T-6 heat treated properties. In- 
creased chill yielded increased properties in the air 
melted metal (notably elongation). The higher pres- 
sures did not necessarily lead to increased strengths. 
With the vacuum degassed metal increased chill 
slightly increased the atmospheric pressure cast prop- 
erties while not materially affecting the high pres- 
sure properties. 
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Fig. 9 — Metal pressure and pressure delay (time in- 
terval between the time metal is poured and pressure 
is applied) on A-356-T6 properties. Metal temperature, 
1250 F; mold temperature, 500 F. Made in round mold 
and vacuum degassed. 
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Metal Pressure x 1000 P,S,.I, 
Fig. 10 — Metal pressure and vacuum degassing effect 
on A-356 as-cast properties. Metal temperature, 1250 F; 
mold temperature, 500 F. Made in rectangular mold. 
Pressure delay 2.5 sec. 


DISCUSSION 


The radiographs indicated that a pressure greater 
than 20,000 psi was necessary to produce satisfactory 
results. None of the castings made under pressure had 
a feeder to supply hot metal to compensate for the 
liquid to solid shrinkage. As the metal froze around 
the sides of the mold cavity, sufficient strength was 
developed in the frozen aluminum to prevent the 
plunger, under pressures of 10,000 and 20,000 psi, 
from completely deforming the metal as it froze to 
compensate for the liquid to solid shrinkage. 
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Fig. 11— Metal pressure, vacuum degassing and in- 
creased chill effect on A-356-T6 properties. Metal tem- 
perature, 1250 F; mold temperature, 500 F; pressure 
delay 2.5 sec. 
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The pressure was sufficient to cause fracture of the 
newly frozen metal resulting in cracks and fissures. 
While these tests are referred to as being cast at 
10,000 and 20,000 psi pressure, the last metal to freeze 
had probably frozen under practically no pressure. 
To produce sound dense castings under pressure by 
the method used, a pressure of 20,000 psi was not ade- 
quate while 50,000 psi was adequate. The minimum 
pressure would probably vary with mold tempera- 
ture, metal temperature and with the time delay in 
applying the pressure. 

The slight increase in density as a result of the ap- 
plication of high pressures was an indication that 
submicroscopic liquid to solid shrinkage voids were 
being eliminated. 


Structural Changes 
Microscopic examination disclosed that the appli- 
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Fig. 14 - 15 — As-cast microstructures of 
100,000 psi pressure cast A-356 alloy. 
Made in round mold. Pouring tempera- 
ture, 1250 F; mold temperature, 500 F; 
pressure delay, 2.5 sec. Fig. 14 (above) 
Fig. 15 (right) — 1000 X. 


— 100 X. 





Fig. 12 - 13 — As-cast microstructures of 
atmospheric pressure cast A-356 alloy. 
Made in round mold. Pouring tempera- 
ture, 1250 F; mold temperature, 500 F; 
pressure delay 2.5 sec. Fig. 12 (left) — 
100 X. Fig. 13 (below) — 1000 X. 





cation of high pressures during solidification of this 
alloy produced interesting changes in the structure 
and apparently in the aluminum silicon phase dia- 
gram. All microsamples were taken at the same loca- 
tion in each casting—in the area of the reduced sec- 
tion of tensile bar, that is, the center portion of the 
casting near the top. This was the part of the cast- 
ing which was last to solidify. 

Under high pressure the as-cast aluminum grains 
surrounded by eutectic were smaller than the den- 
dritic grains of the atmospheric pressure cast alloy 
which were also surrounded by eutectic (Figs. 12 and 
14). The dendrites were either broken up or pre- 
vented from forming by the applied pressure. In ad- 
dition, there was less eutectic present in the structure 
cast under high pressure. 

The eutectic which was present in the high pres- 
sure castings (Figs. 13 and 15) contained a greater 














Fig. 16 — Eutectic concentration at the 
center of the high pressure bars. Pouring 
temperature, 1400 F; mold temperature, 
500 F; pressure delay, 2.5 sec. Made in 
round mold. Top — 100,000; center .— 
50,000; bottom — Atm. 


concentration of silicon which was more refined than 
that produced at atmospheric pressure. 


Eutectic Displacement 


The decrease in the amount of eutectic present and 
the increase in the eutectic silicon concentration both 
led to the conclusion that the eutectic composition 
had been displaced to a higher silicon concentra- 
tion by the application of high pressure during 
solidification. These observations were supported 
by the experiments of Welter.1 In his experiments 
with applying pressures as high as 300,000 psi upon 
solidifying aluminum-silicon alloys the eutectic com- 
position moved from 12 to 18 per cent silicon. Also, 
freezing temperature was increased by approximately 
50 F (28C) and the solid solubility of silicon in 
aluminum was increased from 1.30 per cent to ap- 
proximately 3.0 per cent. 

Thermodynamic theory indicates that the applica- 
tion of pressure to a material which contracts on 
freezing will raise its melting point, while the reverse 
would be true if the freezing material expanded. 
Since silicon expands on freezing we have, upon the 
application of pressure, an increase in the melting 
point of aluminum and a decrease in the melting 
point of silicon. This is a condition which would 
undoubtedly contribute to the noticeable distortion 
of the aluminum-silicon temperature-composition 
picture. 

The increase in the eutectic silicon concentration, 
the refinement of the eutectic silicon, the increase in 
solubility of silicon in aluminum, the grain refine- 
ment and the filling of the solid to liquid shrinkage 
voids could all or in part lead to increased hardness 
and strength in the alloy. The reduction of the 
amount of eutectic present lead undoubtedly to the 
increase in elongation. 


Heat Treatment and Aging 


Solution heat treating and aging could easily reduce 
some of the effects of ultra high pressure. The T-6 
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heat treatment reduced the effect of the solubility 
change and the remaining silicon was spheroidized, 
thus reducing the noticeable difference in the refine- 
ment of the silicon. The actual treatment used con- 
sisted of a 9 hr soak at 1000 F (538 C) followed by a 
warm water quench, 15 hr at room temperature and 
4 hr at 340 F (171 C). 

The improvement in properties brought about by 
the vacuum degassing, both to the atmospheric pres- 
sure castings and to the high pressure castings, must 
be attributed to the removal of entrapped oxides and 
gases of the air melted metal. That their presence can 
have a detrimental effect on the properties was deter- 
mined by Layne and Bishop,? by M.I.T.3 and by 
Owens, Antes and Edelman.4 

Increasing the mold and metal temperatures to 
800 F (427C) and 1400 F (760C), respectively, pro- 
duced extremely large dendrites in the atmospheric 
pressure castings. The application of high pressures 
at even these unusual conditions produced the same 
fine grain structure. At these high mold temperatures, 
and especially at the high metal temperatures, the 
application of high pressures produced a concentra- 
tion of eutectic at the center of the casting (Fig. 16). 

This concentration (which produced lower duc- 
tility) was probably caused by applying the pressure 
while most of the metal was still in the liquid state. 
As the silicon-rich aluminum froze out it was com- 
pressed and the liquid eutectic was squeezed into 
the center of the casting. This condition would 
indicate that the pressure should not be applied too 
early in the solidification process. 


Pressure Application Delay Effect 


By delaying the pressure application to 5 sec after 
pouring, the center portion of the bar (which was 
tested) was almost free of eutectic. The dendrites of 
the silicon-rich aluminum phase had solidified in 
this time, and the pressure compacted these dendrites 
forcing the liquid eutectic to the outer portions of 
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the bar. This produced elongations of 17 and 18 per 
cent. 

After 30 sec delay the microstructure obtained 
showed a dentritic grain which had been partially 
broken up by some hot work. Actually, 30 sec after 
pouring the metal was entirely solidified and the 
pressure was applied to a hot solid bar rather than 
to liquid or solidifying metal. Therefore, there was 
little refinement of the microstructure. 

It appears that the structure refinement at 2.5 sec 
delay, the squeezing out of eutectic at 5 sec delay 
and the hot working done after 30 sec delay resulted 
in about the same strength and ductility. Actually, 
the bar graphs show average results. The individual 
test bars produced at 15 and 30 sec delay were erratic 
in their properties. There would be less reliability, 
therefore, in the properties obtained by applying 
pressure after complete solidification had taken place. 

Increasing the chill by using a smaller rectangular 
mold was effective in improving the properties, par- 
ticularly of the nondegassed metal. The fact that 
increased chill decreases the detrimental effect of 
entrapped oxides and gas has been noted by other 
observers. After vacuum degassing and heat treating 
the properties at high pressure were similar for both 
conditions of chill. 


CONCLUSIONS 


The conclusions drawn from this preliminary in- 
vestigation of ultra high pressure casting are directly 
related to the casting technique used. Other tech- 
niques of applying pressure could yield somewhat 
different results. 

The tensile strength and hardness of A-356 alumi- 
num alloy were improved. with the application of 
ultra high pressures. The improvement was greater 
before the bars were subjected to the T-6 heat treat- 
ment. 

The yield strength was only slightly improved by 
ultra high casting pressures, and this was considerably 
dependent on the other casting conditions. The duc- 
tility of the castings (both as-cast and heat treated) 
was materially increased by ultra high pressures. 
Elongations of 9 to 18 per cent were obtained without 
loss of strength. 


Pressure Applied 

With 50,000 and 100,000 psi pressures applied dur- 
ing solidification all castings were radiographically 
and macroscopically sound, and had a surface finish 
which was a perfect reproduction of the surface of 
the mold. 

Pressures of 50,000 and 100,000 psi applied during 
solidification changed the as-cast structure from den- 
dritic to fine grained nondendritic, and reduced the 
particle size of the silicon before and after heat 
treatment regardless of the other casting conditions. 

Pressures of 50,000 and 100,000 psi applied during 
solidification increased the silicon content of the alu- 
minum silicon eutectic and decreased the amount of 
eutectic present by displacing the eutectic point in the 
phase diagram to a higher silicon concentration. 

Casting pressures of 50,000 and 100,000 psi pro- 
duced slightly higher average densities than sound 


atmospheric pressure bars. This increase in densi: 
was an indication that some microscopic shrinkay 
voids had been eliminated. 


Degassing 

Degassing the molten metal by the use of vacuw 
resulted in increased tensile and yield strength wit! 
slight improvement in elongation. Degassing prior 
the application of ultra high pressures resulted in 
improved properties. 

Mold temperatures from 350F (177C) to 800F 
(427C), and pouring temperatures from 1200 F 
(649 C) to 1400 F (760 C), did not materially change 
the strength of the 50,000 and 100,000 psi pressure 
cast bars. The ductility was lower at the high mold 
and metal temperatures. 


Time Interval 

The time interval between pouring the metal and 
applying the pressure was critical. When the pressure 
was applied before solidification started there was a 
tendency to segregate the low melting eutectic phase 
at the center of the casting. When the pressure was 
applied after complete solidification, the microstruc- 
tural changes were not obtained, the grain refinement 
was then limited to hot work and the physical prop- 
erties were not consistent. 

The best pressure delay would be dependent on 
the other casting variables and appeared to be best 
when the casting had partially solidified prior to 
pressure application. 

The use of the rectangular mold with increased 
chill had little effect on the properties of the high 
pressure cast vacuum degassed bars. At atmospheric 
pressure and on the undegassed metal it resulted in 
increased properties. 

The major problem of producing ultra high pres- 
sure castings of 50,000 and 100,000 psi pressures was 
the maintenance of the seal required for the moving 
parts of the mold. The moving parts were required 
to maintain a constant pressure on a_ constantly 
shrinking casting. As these pressures were sufficient 
to extrude aluminum through small openings a close 
fit was necessary. This fit was difficult to maintain 
with temperature fluctuations existing in the mold. 
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SHORT-TIME ELEVATED TEMPERATURE 
PROPERTIES OF PREMIUM 
QUALITY MAGNESIUM CASTINGS 


ABSTRACT 


The short-time elevated temperature requirements 
of missiles has made it necessary to establish design 
allowables for shorter times and at more rapid load 
rates than used for conventional testing. There is a sig- 
nificant difference for some alloys. Several casting 
alloys were tested using the rapid heating and loading 
conditions. Design allowable curves were prepared for 
four magnesium casting alloys and compared with a 
design curve for one of the aluminum casting alloys. 

In order to get more castings into missiles and air- 
craft, it is necessary to obtain a higher quality than 
indicated in existing specifications. “Premium Quality” 
has been selected to define this high quality. The use 
of premium quality and the new casting alloys will 
make magnesium alloys directly competitive with 
aluminum. 


INTRODUCTION 


The single mission and short times at maximum 
load and high temperature for some missiles makes 
special testing of materials necessary to take full ad- 
vantage of the increase in strength that is possible by 
using shorter soak times and rapid load -rates. To 
take full advantage of the potential in castings for 
missiles, new design allowables have been prepared 
which include this increase in strength at elevated 
temperature. 

In addition, the properties at room temperature 
reflect high strength castings that require these prop- 
erties to be guaranteed in the casting and not in sep- 
arately cast test bars. For purposes of identification, 
castings designed to these high strength levels are 
designated as “Premium Quality.” 

This paper is composed of three parts: 


1) The discussion of the testing and the presentation 
of the short-time elevated temperature design 
curves. 

2) The discussion on premium quality. 

3) A preliminary evaluation of QE 22, a new casting 
alloy. 


W. GRONVOLD is Rsch. Specialist, Allowables Unit, Structures 
Rsch. & Dev. Sect., Aero-Space Div., Boeing Airplane Co., Seattle, 
Wash. 
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by Walter Gronvold 


The test specimens used in this program were raised 
to test temperature in less than 15 sec and held at test 
temperature for 30 sec before testing. This 30 sec soak 
time prior to testing was arbitrarily selected, and may 
be assumed to cover soak times from 5 sec to one min 
since soak time for these limited times has little or no 
effect on the properties. Testing for extended soak 
times of 15 and 30 min are in progress, so data are 
not available at this time. 

The load rate was approximately 6000 psi/sec for 
the magnesium alloys. This represents an approximate 
strain rate of 0.060 in./in./min up to yield, but since 
this is constant load rate failure will occur in from 3-5 
sec. The significance of this load rate will be illus- 
trated later. 


Heating Method 

The specimen, illustrated by Fig. 1, was similar to 
a standard 14-in. diameter round specimen with an 
extended reduced section to maintain a more uni- 
form temperature gradient in the | in. gage length. 
The heating was accomplished by the use of an ex- 
ternal radiant heater suspended above the specimen 
which is tested in the horizontal position. The tem- 
perature was manually controlled by position of the 
heater and by adjusting the temperature of the heat- 
ing unit. 

The temperature was measured and controlled by a 
thermocouple on the lower side of the specimen at 
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the center of the gage length (Fig. 2). Stress vs. strain 
is plotted directly on an X-Y recorder for each tensile 
test. For simplicity, this testing has been labeled 
“Quick Heat,” since it differs considerably from the 
usual short-time elevated temperature testing. 


SPECIMEN QUALITY 


Although the specimen configuration was a ma- 
chined 14-in. round specimen, the purchased shape of 
the test bar differed considerably among the several 
vendors. The procurement of test specimens for an 
elevated temperature test program for casting alloys is 
significantly different from sheet and bar stock mate- 
rial and merits special mention. At the initiation of 
this program, the original request was to provide 
5x 54x4.5 in. rectangular or 5-in. diameter x 4.5 in. 
round blanks. 

All 36 specimens in each alloy were to have a 
consistent quality and typical strength values that the 
vendor could supply under controlled conditions. 
Only two aluminum vendors supplied specimens as 
requested. The magnesium foundries supplied a cast 
plate 5 x 5x 12 in. and standard separately cast test 
bars. In spite of this variation in configuration, the 
consistency of the test results, from all types of test 
bars, was remarkable. 


LOAD RATE SIGNIFICANCE 


Since this “rapid load rate” testing is considerably 
different than the conventional short-time testing, 
the significance of the effect on properties should be 
pointed out. Since the difference varies with alloys, 
several alloys have been selected to illustrate this. 
Figure 3 illustrates the increase in strength of ZH62A- 
T5 (TZ6) by the use of rapid load rate testing. 
Figure 4 illustrates that rapid load rate has no sig- 
nificant effect on either the yield or ultimate of 
HK31A-T6, The effect of rapid load rate and soak 
time on C355 aluminum alloy is shown in Fig. 5. 


TEST RESULTS AND DESIGN CURVES 


To illustrate how the design allowable curves are 
obtained, the test results of ZH62 are plotted with 


Fig. 2— Temperature was measured 
and controlled by a thermocouple on 
the lower side of the specimen at the 
center of the gage length. 


the design curve in Fig. 6. To obtain the design 
curves, a typical test curve was faired through the 
test values and then corrected using the ratio at room 
temperature. The solid lines show the design values 
for the limited critical areas of the casting, and the 
dotted lines illustrate the property requirements in 
other areas of the casting. Similarly, Fig. 7 illustrates 
the same for HK31. 

For comparison, the test results for C355 are also 
presented in Fig. 8 along with the design values. 
Note the significant reduction from test results for 
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Fig. 3— Testing method effect on the mechanical 
properties of ZH62A-T5 at elevated temperatures. 
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properties of HK31A-T6 at elevated temperatures. 
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ZH62A-T5 magnesium castings. HK31A-T6 magnesium castings. 
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Fig. 8 — Minimum design curves and test points for 
C355-T6 aluminum castings. 


C355. The specimens for C355 were specially cast 
blanks that were chilled and properly fed to obtain 
optimum quality. It is not possible to do this for a 
majority of cast parts so a considerable reduction was 
necessary. 

To quickly compare these three alloys, the famil- 
iar structural index of strength divided by density 
is used in Fig. 9. The yield curves show ZH62 stronger 
than C355 at room temperature, but it drops with 
temperature so that C355 is better above 200 F. Note 
that HK31 is not competitive even out to 600 F. For 
ultimate, ZH62 is stronger than C355 up to 475 F, and 
for all practical purposes is equivalent to C355 from 


475 F to 600 F. Note that for ultimate, HK31 is th 
strongest above 475 F. 


Room Temperature Design Values 


Some discussion of these alloys and the selection o: 
the design values at room temperature is in order. |» 
the original selection of alloys for this elevated tem 
perature program, ZH62 was selected because pul 
lished data showed the highest ultimate and yield a 
room temperature. The recommended minimum se} 
arately cast test bar values of 38-23-4 suggested by one 
foundry were selected prior to the release of QQ-M 
56a. 

This simple expression for presenting the properties 
of an alloy will be used throughout this paper. It 
simply expresses the ultimate strength and the yield 
strength in ksi and the elongation in per cent, in that 
order. These values (38-23-4) are intended for lim 
ited critical areas of the cast part. There is some indi- 
cation that these values are high, but to keep mag- 
nesium in a competitive position these values are 
necessary as shown in the comparison curves. 

For HK31, the values of 27-13-4 are more realistic, 
and for parts that can be cast in HK$] there are 
several foundries capable of meeting or exceeding 
these minimums in critical areas. 


For aluminum casting alloy C355 the selected mini- 
mum of 44-33-5 are Type 2 values from Mil-C-21180, 
except that the elongation has been increased from 
3 to 5 per cent. These values are obtainable from 
selected aluminum foundries. For special castings and 
limited areas, these values may be pushed up to 50- 
40-5. Note that these values will have to be negotiated 
with the selected foundries. This makes the mag- 
nesium casting alloys less competitive and should be 
an incentive to develop higher strength magnesium 
casting alloys. 

A quick review of the comparison curves in Fig. 9 
will illustrate what happens by either a drop in the 
strength of ZH62 or an increase in the strength of 
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Fig. 9 — Strength to weight com- 
parison of some aluminum and 
magnesium casting alloys. 
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Fig. 10 — Comparison of the 0.2 per cent offset yield 
strengths of some magnesium casting alloys. 


C355. For ultimate, C355 would be stronger above 
300 F and for yield, C355 would be superior at all 
temperatures. It should be realized that this is a 
straight strength to weight comparison and does not 
consider the advantages of magnesium from a stability 
standpoint where the low density is a definite asset. 


DESIGN CURVES 


To quickly compare the four magnesium alloys, the 
design yield strengths are shown in Fig. 10 and the 
ultimate values in Fig. 11. These design curves reflect 
the high minimum properties at room temperature 
discussed previously for ZH62. In addition, the design 
curves are also presented with the average values of 
the test results. The selected design minimums at 
room temperature represent premium quality, but 
the curves may be adjusted to any minimum value 
simply by the use of a room temperature ratio. 

Figure 12 presents yield and ultimate for AZ91C- 
T6. Figure 13 presents yield and ultimate for 
ZK51A-T5. The yield and ultimate curves for ZH62A- 
T5 and HK31A-T6 have previously been shown in 
Figs. 6 and 7. 

A comparison of the elongation at elevated tem- 
perature is made for the magnesium alloys in Fig. 14. 
Note that in all cases the elongation increases with 
elevated temperature. This brings to light another 
observation. All these alloys except for HK31 are not 
creep resistant, and care should be exercised in rec- 
ommending these alloys for applications where any 
significant load is to be sustained for even as short a 
time as one min. Limited short-time stress rupture 
tests were conducted on these alloys, but time does 
not permit the presentation of data. 


PREMIUM QUALITY 


Since the properties presented in the design curves 
reflect premium quality, and since there has been no 
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Fig. 12 — Minimum design curves and test points for 
AZ91C-T6 magnesium castings. 
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Fig. 13 — Minimum design curves and test points for 
ZKS51A-T5 magnesium castings. 
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Fig. 14— Typical elongation curves for some mag- 
nesium casting alloys. 


explanation of what is really meant by premiun 
quality castings, some discussion is necessary. Brief], 
premium quality may be defined as high strength 
castings with minimum properties specified in th 
cast part that are equal to, or higher than, mo: 
specifications requirements in separately cast test bar: 

The foundries should recognize that these prope: 
ties are to be guaranteed as minimums in the casting 
To further expand this definition, the followin; 
questions need to be answered: 


1) What is to be gained by premium quality? 
2) Why is premium quality desired? 
3) How is premium quality obtained? 


WHAT IS TO BE GAINED BY 
“PREMIUM QUALITY? 

This can best be illustrated by a comparison be: 
tween the properties guaranteed in the casting by 
QQ-M-56a and the properties required by premium 
quality. The properties in the Table for AZ91C-T6 
show the difference in design philosophy using the 
specification without specifying special properties for 
designated areas and what is required by premium 
quality. 


MECHANICAL PROPERTIES OF AZ91C-T6 











QQ-M-56a Premium Quality 
Avg.of 3 Minimum 
or more of Minimum Minimum 
Specimens Specimens in in 
from from Critical Other 
Casting Casting Areas Areas 
Ultimate Tensile 
Strength, psi 25,500 17,000 34,000 25,500 
0.2%, Offset Yield 
Strength, psi 14,500 12,000 16,000 14,500 
Elongation, % % 0 5 3 





Although there appears to be only a 33 per cent 
increase in strength based on a yield strength com- 
parison, the main significance is in the increase in 
both ultimate and per cent elongation. A large margin 
for ultimate and adequate ductility increases the 
reliability of castings to the point that designers will 
consider castings for structural parts without a cast- 
ing factor. A zero per cent elongation relegates a 
casting to a nonstructural application, or it means a 
large casting factor for structural parts. 

With a factor of 2.0 on the average values, the in- 
crease in strength is 120 per cent based on a direct 
yield comparison and 166 per cent using ultimate. 
To further increase the yield strength it is necessary 
to use ZH62A-T5 with a minimum yield of 23,000 psi. 
This means an increase of 217 per cent over AZ9I. 
This is an illustration of what can be gained by 
premium quality. The bar charts of Fig. 15 graphi- 
cally present this increase in properties for both AZ91 
and ZH62. 


WHY IS PREMIUM QUALITY DESIRED? 


The basic reason for premium quality is to make 
castings more competitive with other methods of 
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fabrication. To compete with a forging, a machined 
part or fabricated assembly, the properties and 
quality have to approach those of wrought material. 
This quality implies greater reliability so that cast- 
ing factors may be reduced or eliminated. This is 
necessary in order to design structural parts as cast- 
ings and obtain an equivalent or lighter structure. 


HOW IS PREMIUM QUALITY OBTAINED 


Premium quality should be obtainable by foundry 
technique and control. It is also necessary for the 
aircraft and missile designers to ask for this quality 
and design castings with the assistance of foundries, 
so as to take full advantage of the casting potential 
and to make this type of casting a reality. Those 
foundries that are interested in this high quality 
should realize the significance of what is meant by 
premium quality. Some of the items to be considered 
in attaining this quality are: 


1) Adequate control of all foundry variables. 

2) Properly engineered feeding and risering. 

3) The controlled use of chills to obtain high proper- 
ties and aid directional solidification. 

4) Minimize porosity and microshrinkage. 

5) More rigid inspection. 

6) More testing and development work. 

7) Develop a desire in all personnel to produce this 
quality. 


From the standpoint of the designer, adequate lead 
time for development should be allowed for each new 
casting design. If adequate lead time is not available, 
provide an alternate method as a temporary ex- 
pedient until the proved casting can be obtained. 
Each premium quality casting has to be developed. 
Just selecting desired property levels, preparing new 
specifications and specifying a general qualification 
procedure is not all that is necessary. 

Early in the design stages of the cast part the alloy 
and properties desired should be selected, tentative 
layouts should be prepared and discussed with selected 
foundries that have demonstrated the capabilities of 


producing premium quality castings in these alloys. 
The responsible foundry engineers should thoroughly 
go over the preliminary sketches with the designers, 
and all their suggestions should be seriously con- 
sidered and incorporated in the final design so as to 
fully exploit the advantages of castings. 


Premium Qualities 


Premium quality could be obtained by using 
QQ-M-56a, paragraph 3.8.3 and Note B of Table III. 
This permits the use of special properties in desig- 
nated areas of the casting. This makes it possible to 
call for any level of quality, but it also does not 
indicate what these property levels should be. It 
could be inferred that separately cast test bar values 
may be used, but this leaves each design open to an 
argument between the designer and the foundry. A 
separate specification with a definite set of minimum 
properties is necessary. 

A procedure for qualification and quality control 
needs to be established. A specification of the author's 
company (BMS 7-78) has been proposed. This or 
similar specifications, adequate instructions to de- 
signers, recognition by the foundries of what is meant 
by this quality, a definite qualification procedure, 
new quality control and inspection standards and con- 
trol in the foundry are all musts in order to obtain 
castings to meet the requirements of premium quali- 
ty. Standard or commercial foundry practices will not 
produce this quality. 


QE22— THE NEW CASTING ALLOY 


This new alloy, designated QE22 by A.S.T.M., ap- 
pears to be the answer for both the room temperature 
requirements and the short-time high temperature re- 
quirements of missiles. 

Although data and experience is limited on this 
alloy, its potential as a significant increase in the state 
of the art of magnesium castings makes it a natural 
for inclusion in the discussion on elevated tempera- 
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ture properties and premium quality. Quick heat 
testing on this alloy has been limited to a preliminary 
look. Based on these data, and selecting minimum 
properties of 35-25-4, preliminary design curves for 
yield and ultimate have been constructed. These de- 
sign allowable.curves are shown in Fig. 16. 

To illustrate again the effect of rapid heating and 
loading, these curves are compared with curves de- 
rived from other data to show the increase in 
strength above 400 F. The yield strengths are com- 
pared in Fig. 17, and the ultimate in Fig. 18. 


Minimum Properties 

The selected minimum values for yield and ulti- 
mate at room temperature reflect a degree of con- 
servation, and should therefore be considered as 
realistic minimum properties for the limited critical 
areas of high quality castings. This should be con- 
sidered in the following comparisons, especially when 
comparing this alloy with ZH62. Figure 19 compares 
the yield strengths of QE22, ZH62 and HK31. The 
superiority of QE22 is self evident. 

The yield strength of QE22 is 192 per cent of the 
yield of HK31 at room temperature, 183 per cent at 
500 F and 170 per cent at 600 F. The comparison of 
ultimate strengths are shown in Fig. 20. Here the 
percentage increase over HK31 is not as great, 130 
per cent at room temperature and 110 per cent at 
600 F. The comparison with ZH62 is more significant 
when considering ultimate strength. If the ultimate 
strength of ZH62 was reduced to the more realistic 
value of 35,000 psi QE22 becomes stronger at all tem- 
peratures. 

QE22 is also compared with the aluminum casting 
alloy C355. Since 50-40-5 is possible for limited 
critical areas of a C355 casting, this potential strength 
level is included in this comparison. It is shown by 
the dashed line for both the yield and the ultimate 
curves. Again the structural index of strength divided 
by density is used. The yield comparison is shown in 
Fig. 21 and the ultimate in Fig. 22. Previously we 
have stated that premium quality castings should be 
competitive with wrought materials. This is now pos- 
sible at elevated temperature. 


Alloy Comparison 

QE 22 and C355 are compared with 2014-T6 (the 
aluminum forging alloy) to show how competitive 
these premium quality castings are at elevated tem- 
perature. On a direct strength to weight basis, QE 22 
is better above 470 F. Note that the properties of 
C355 are also higher at these temperatures if 50-40-5 
quality is obtained at room temperature. 

The direct comparison of QE 22 and EK3] has not 
been included in this paper. The data on EK31] were 
ably presented by Ken Nelson* of the Dow Chemical 
Co. at both the American Foundrymen’s Society and 
the Magnesium Association meetings in April of last 





*K. E. Nelson, “Magnesium Casting Alloy EK31XA,” AFS 
TRANSACTIONS, vol. 67, p. 601 (1959). 
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year. It can be briefly stated that EK31, with a mini- 
mum yield strength of 19,000 psi at room temperature, 
does not have the potential that QE 22 has with a 
yield of 25,000 psi. 

QE 22 looks like the magnesium casting alloy with 
the brightest future. Considerably more testing of 
QE 22 is necessary along with experience on actual 
parts. There is an indication that a change in heat 
treatment might improve the properties at 400 and 
500 F. Some reduction in the typical yield strength is 
a possibility if this will improve ductility at room 
temperature. Ductility appears to be adequate at 
elevated temperature as this alloy also shows an in- 
crease in elongation at elevated temperature. 


CONCLUSION 


It is hoped that this presentation on properties at 
elevated temperature has proved interesting, and that 
there is also a better understanding of the high 
quality necessary to make magnesium castings more 
competitive. In this development program there will 
be expended considerably more effort to sell the de- 
signers on the idea that these castings are a reality, 
and to provide them with adequate design allowables. 

It should also be apparent that the responsibility 


of making this high quality a reality rests with the 
foundry industry. The foundries should recognize 
the quality desired, understand what is meant by 
minimum guaranteed properties and then demon- 
strate that it can be done when the new casting de- 
signs specify this quality in the cast part. 

It is necessary to state that these allowables were 
prepared especially for premium quality castings and 
for a specific short-time elevated temperature require- 
ment. This should not keep designers from using the 
curves for standard quality, since these allowables may 
be used for any level of quality simply by applying 
the desired factor. 
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ABSTRACT 


An attempt is made to relate certain principles of 
soil mechanics to evaluating sand test data. According 
to these principles, if the compression and tensile 
strengths are known there can be only one value for 
the shear strength. A new approach to studying the 
subject of sand flowability is suggested. 


INTRODUCTION 


A search of foundry literature for material relating 
the principles of soil mechanics to the evaluation of 
foundry sand test data and molding practices has, to 
date, proved fruitless. This paper proposes to intro- 
duce some concepts from the discipline of soil 
mechanics, and attempt to illustrate their usefulness 
to the foundryman. 

The green properties of a rammed sand mass are 
to a large extent eyaluated by the compressive, ten- 
sile and shear strengths. The major problem is to 
locate data obtained providing such properties. A 
considerable quantity of such data were presented by 
Heine, King and Schumacher.! It is proposed to use 
their data for an entirely different purpose than that 
indicated in their presentation. 

According to certain principles of soil mechanics, 
wherein Mohr’s circles of stress are employed, if the 
compression and tensile strengths are known there 
can be only one value for the shear strength. There- 
fore, at this time, it will be assumed that foundry test 
procedures are sufficiently accurate to provide com- 
pressive and tensile data. 


GRANULAR MASS FAILURE 
It is further assumed that compacted granular soil 
masses are no different from rammed foundry gran- 
ular sand masses. Then, according to Terzaghi? and 
Tschebotarioff,? the failure of such granular masses 
will occur when the principle stresses satisfy the fol- 
lowing equation 


o, = 2C tan (45: + $) + o4,, tan? (45° + ) 
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where 
o, = principle vertical stress. 
6111 = principle horizontal stress. 
c = cohesion. 


¢@ = angle of internal friction. 


In sand testing procedures the compressive strength 
is determined upon test specimens in the unconfined 
condition wherein ¢,,,, above, becomes equal to zero. 
Therefore, the compressive strength is 


o, = 2C tan (45° + #) (1) 
To indicate the unconfined condition of the test 
specimen q, is used in place of o,, and equation (1) 
becomes 


qu = 0; = 2C tan (45° + #) (2) 


Terzaghi,+ in his Fig. 11, indicates that the diam- 
eter of the circle, C,, “represents the simple tensile 
strength” and is expressed as 

tens = 2C tan (45° -t) (3) 


Then the cohesion of a rammed granular mass can 
be obtained from either equation (2) or (3) as 














C= - 
2 tan (45° + $) (4) 
or 
C= tensile 
2 tan (45° — +) (5) 
Therefore 
qu Pe tensile (6) 
2 tan (45° + $) 2 tan (45° - ¢) 
Tschebotarioff5 points out that 
tan (45° -$) = (7) 
tan (45° + ¢) 
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and substituting for tan (45° -%) in equation (6) 
we obtain 





tens tan (45° +¢) 
qu ee 2 8 
= ; (8) 
2 tan (45° + *) 
Then 
qu = tens tan? (45° +#) (9) 
and 
 — ranz'{ 45° $) 
—* tan (45 + 9 (10) 
and 








qu _ ~ /compression strength _ ( 45° 42% ) 
tens Vv tensile strength — voce toe 2 


(11) 


The subject of the flowability of foundry sand mix- 
tures has been investigated intermittently, and for 
those currently concerned it is proposed that they 
consider equation (10) for Terzaghi® points out that 


tan2 (45° + $) = Ng, the flow value. 


ANGLE OF INTERNAL FRICTION 


From equation (11) the value of the angle of in- 
ternal friction, ¢, is easily calculated when the com- 
pressive and tensile strengths are known. Table | 
reproduces in columns | through 5 the data pre- 
sented by Heine, King and Schumacher,! while col- 
umns 6 through 14 present calculated values. 

Terzaghi* shows, by the geometry of Mohr’s circles 
of stress, that the line of rupture of a molded gran- 
ular mass will be tangent to circles whose diameters 
represent the tensile and compressive strengths of that 
mass. This tangent line will rise from the horizontal 
axis, and is expressed by the equation 


S= C+, tan (12) 


where S = the shear strength. 
o, = the normal stress along the surface of 
sliding within the molded mass. 


At the point where the tangent line crosses the shear 
or vertical axis C can also be determined. It will be 
noted that the value of C always exceeds that of one- 
half the tensile strength. 


SHEAR VALUES 


The values of shear which must then correspond 
with the accepted test data for the compressive 
and tensile strengths were obtained by constructing 
Mohr’s circles of stress after the manner presented by 
Terzaghi’s Fig. 11 and the shear values read from 
the vertical scale. These shear values will be found in 
column (10) Table 1. 

Many of the theoretical values in column (10) dif- 
fered considerably from the laboratory determination, 
column’ (5) Table 1. It will: be noted that when the 
2 lb rammer weight was used the laboratory values 
obtained for shear strength approached or equalled 
the theoretical values. When the standard 14 Ib ram- 


mer was used, and the test specimen was given 2 rams 
the shear value determined in the laboratory did no: 
approach the theoretical value quite as well as th: 
above described condition for the 2 lb rammer weigh: 

Table 2 shows the variation from theoretical value 
for green shear strength for the test data provided by 
Heine, King and Schumacher.1 The average devia 
tion for 3 rams with the standard rammer leave: 
much to be desired. This study points out that in 
order to bring them into alignment with theoretica! 
considerations sand testing procedures should be re 
viewed. It should be recalled that the green compres 
sive and tensile strengths were accepted initially as 
satisfactory, and consequently the shear values wer 
found to vary. 

Any study of test procedures should involve those 
procedures as well as those for shear strength. I: 
should be noted that Table 2 is compiled without 
taking note of variations in moisture contents or vari 
ations in kinds and quantities of clay-minerals used. 


STRENGTHS RELATIONSHIP 


Heine, King and Schumacher! in Figs. 2, 5, 7 and 9, 
show that the relationship between green shear 
strength and compressive strength does not follow 
a straight line. However, from the data of columns 
(3), (4) and (10) of Table 1 it will be found that a 
straight line drawn through the plotted points gives 
a good relationship. The figure is a graph showing the 
relationship between green shear, tensile and com- 
pression strengths. There was a clear separation of 
data, as shown by the lines representing various 
quantities of western and southern bentonites em- 
ployed. 

Referring to columns (9) and (11) of Table 1, it 
will be noted that in general when the difference be- 
tween the theoretical value for shear and that de- 
termined in the laboratory was small, the value of ¢ 
was about 45°. Terzaghi? indicates the maximum 
value for ¢ does not exceed 50° (and Tschebotarioff* 
although he states values for ¢ at 63° have been 
recorded indicates that unusual conditions were 
present). 

The problem of the cracking of unconfined molds, 
containing cores or not, has always been a problem to 
foundrymen. Likewise, the cracking of unconfined 
green cores and baked cores is still an unsolved prob- 
lem. For a molded granular mass Terzaghi® states 


“Between the surface and depth Z, the active Ran- 
kine state involves a state of tension in a horizontal 
direction. For the ideal plastic material subject to 
investigation it is assumed that a state of tension 
can exist permanently and that a plastic flow can 
take place in the tension zone without causing a 
decrease in the tensile strength of the soil. How- 
ever, in a real soil tensile stresses always lead sooner 
or later to open tension cracks.” 


This state of horizontal tension in a molded mass 
reaches its maximum value at the surface, and con- 
stantly diminishes to zero value at some depth within 
the mass if it is deep enough. If the thickness of the 
molded mass is less than that sufficient to provide a 
depth Z,, then the entire unconfined mass is in a 
state of horizontal tension. 
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TABLE 1— TEST DATA? 
Data of Heine, King and Schumacher! Calculated Values. 
) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
Mix 
No. Rams qu Tens. S q,/Tens. Vq,/Tens. 45°+9, » Jf Ss S (Diff.) Cc c, Q/"n 
.- 2 ° 
3 2 15.0 2.65 4.6 5.66 2.375 67 10 44 20 5.50 09 3.16 2.40 6.25 
3 18.6 3.50 5.9 5.31 2.301 66 30 43 00 6.50 0.6 4.04 2.64 7.05 
7 32.5 4.3 6.8 7.38 2.715 69 47 49 34 10.50 3.7 5.97 3.86 8.42 
10 36.5 4.3 8.0 8.48 2.908 71 02 52 04 11.20 3.2 6.27 3.84 9.51 
| 12 41.0 4.1 9.1 10.00 3.160 2 @ 54 54 12.00 2.9 6.56 3.96 10.35 
4 27° 11.1 19 3.6 5.84 2.415 67 30 45 00 4.00 0.4 2.3 1.70 6.52 
45° 15.9 2.65 4.7 6.00 2.442 67 44 45 28 5.50 0.8 3.25 2.22 7.15 
3 16.4 2.80 5.0 5.85 2.415 67 30 45 00 5.90 0.9 3.40 2.50 6.55 
8 30.0 3.50 7.1 8.58 2.921 71 06 52 12 9.50 2.4 5.13 3.39 8.85 
1] $2.0 3.70 72 8.64 2.935 71 #11 52 22 9.90 2.7 5.45 3.71 8.63 
14 35.0 3.60 8.2 9.72 3.110 72 10 54 20 10.40 2.2 5.63 3.43 10.19 
5 18* 8.8 1.7 3.1 5.18 2.275 66 16 42 32 3.35 0.25 1.93 1.54 5.71 
2 12.2 2.3 4.0 5.30 2.300 66 30 43 00 4.5 0.5 2.77 1.85 6.59 
3 16.5 2.5 4.7 6.59 2.561 68 40 47 20 5.65 0.95 $.22 2.24 7.36 
7 27.0 3.5 6.5 7.72 2.778 70 13 50 26 8.6 2.1 4.87 3.08 8.76 
ll $2.5 3.7 7.1 9.06 3.010 71 37 53 14 9.8 SF 5.40 3.28 9.48 
15 35.8 3.7 8.1 9.68 3.106 72 09 54 18 10.2 2.1 5.76 3.17 11.29 
6 18* 9.5 1.7 $.2 5.58 2.360 67 02 44 04 3.5 0.3 2.01 1.54 6.17 
2 14.1 2.5 4.4 5.64 2.375 67 10 44 20 5.2 0.8 2.97 2.28 6.18 
3 18.0 3.0 5.1 6.00 2.445 67 45 45 30 6.35 1.25 3.68 2.62 6.86 
7 28.8 3.8 6.8 7.57 2.745 69 59 49 58 9.35 2.55 5.25 3.44 8.37 
11 35.5 3.8 7.6 9.35 3.055 71 & 53 44 10.5 2.9 5.82 3.44 10.32 
15 40.5 3.7 8.1 10.95 3.305 73 10 56 20 11.6 3.5 6.13 3.58 11.31 
7 15* 8.6 1.7 3.0 5.06 2.254 66 05 42 10 3.2 0.2 1.91 1.41 6.1 
2 14.0 2.3 4.2 6.09 2.461 67 53 45 46 5.0 0.8 2.84 2.11 6.62 
3 18.4 2.8 5.2 6.57 2.560 68 40 47 20 6.1 0.9 3.59 2.31 7.92 
7 25.5 3.3 7.1 7.72 2.775 70 11 50 22 8.1 1.0 4.60 2.91 8.77 
12 30.5 3.2 7.0 9.53 3.081 72 Ol 54 02 8.95 1.95 4.95 2.90 10.52 
8 22° 10.5 1.95 3.6 5.38 2.320 66 41 43 22 4.0 0.4 2.26 1.84 5.71 
2 12.7 2.2 4.2 5.77 2.399 67 22 44 44 4.5 0.3 2.54 1.98 6.40 
3 15.1 2.55 4.6 5.93 2.436 67 41 45 22 5.5 0.9 3.11 2.36 6.39 
8 24.5 3.0 6.7 8.16 2.850 70 40 51 20 7.5 0.8 4.30 2.56 9.58 
15 $2.0 3.1 7.2 10.31 3.205 72 40 55 20 9.1 1.9 5.00 2.83 11.30 
9 22° 13.8 2.4 4.6 5.75 2.395 67 20 44 40 4.85 0.25 2.88 1.99 6.94 
2 18.0 3.1 5.3 5.81 2.405 67 25 44 50 6.55 1.25 3.74 2.83 6.36 
3 24.0 3.65 6.5 6.57 2.558 68 39 47 18 8.1 16 4.69 3.14 7.64 
8 415 5.55 8.5 7.48 2.735 69 55 49 50 13.4 4.9 7.59 4.88 8.52 
10 46.5 4.9 10. 9.49 3.075 71 59 53 58 7.56 
10 2° 10.5 1.8 3.3 5.84 2.415 67 30 45 00 3.85 0.55 2.17 1.68 6.25 
2 13.7 2.5 4.8 5.48 2.340 66 52 43 44 5.0 0.2 2.93 2.16 6.33 
3 19.0 3.1 5.3 6.12 2.471 67 58 45 56 6.65 1.35 3.84 2.71 7.00 
6 29.0 3.8 7.3 7.63 2.760 70 05 50 10 9.3 2.0 5.26 3.37 8.61 
13 39.0 3.7 7.7 10.53 3.240 72 «+51 55 45 11.1 3.4 6.02 3.47 11.23 
12 23° 10.7 2.0 4.2 5.34 2.309 66 35 43 10 4.1 —0.1 2.32 1.90 5.64 
2 14.4 2.4 5.1 6.01 2.446 67 46 45 32 5.1 None 2.94 2.12 6.78 
3 18.5 2.9 6.2 6.38 2.521 68 22 46 44 6.4 0.2 3.67 2.85 6.5 
6 30.0 4.2 8.7 7.13 2.668 69 27 48 54 9.7 1.0 5.63 3.56 8.42 
8 33.5 4.8 9.9 6.98 2.640 69 15 48 30 11.2 1.3 6.34 4.30 7.78 
12 39.0 5.4 10.2 7.23 2.685 69 34 49 08 12.9 2.7 7.36 5.28 7.38 
13 20* 11.5 2.0 4.0 5.75 2.392 67 19 44 38 4.0 None 2.40 1.62 7.09 
37° 14.1 2.4 4.9 5.87 2.420 67 33 45 06 5.0 0.1 2.91 2.08 6.78 
2 18.0 2.8 6.0 6.42 2.534 68 28 45 56 6.0 None 3.55 2.38 7.56 
$ 22.5 3.4 7.2 6.62 2.570 68 44 47 28 7.7 0.5 4.37 3.05 7.37 
5 $1.5 5.2 10.1 6.06 2.450 67 48 45 36 11.1 1.0 6.43 4.57 6.88 
7 40.5 5.8 11.0 6.98 2.640 69 15 48 30 13.4 2.4 7.68 4.39 9.23 
14 28° 13.0 2.2 4.5 5.91 2.428 67 37 45 14 4.6 0.1 2.57 2.01 6.46 
2 15.1 2.4 5.3 6.29 2.505 68 15 46 30 5.2 —0.1 3.01 2.08 7.27 
3 19.5 3.1 6.4 6.29 2.505 68 15 46 30 6.7 0.3 3.89 2.66 7.32 
7 34.0 4.8 9.4 7.08 2.656 69 22 48 44 10.4 1.0 6.40 3.51 9.78 
9 38.5 5.0 9.7 7.69 2.768 70 08 50 16 12.1 2.4 6.94 4.28 9.00 
15 2 16.5 2.8 4.7 5.89 2.421 67 33 45 06 5.9 12 3.40 2.49 6.62 
3 18.4 2.8 6.0 6.57 2.558 68 39 47 18 6.4 0.4 3.60 2.40 7.66 
li 36.0 2.9 9.5 12.41 3.520 74 08 58 16 9.5 None 5.12 2.72 13.23 
15 38.0 2.65 10.5 14.34 3.780 75 ll 60 22 9.7 0.8 5.03 2.65 14.32 
19 41.0 2.35 11.5 17.45 4.170 76 31 63 02 9.6 —19 4.92 2.38 17.22 





(continued on next page) 
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TABLE 1— TEST DATA (continued) 





Data of Heine, King and Schumacher! Calculated Values. 








(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
Mix 
No. Rams qua Tens. S q,/Tens. Vq,/Tens. 45°+9, oe / S S (Diff.) Cc o, Qu/"» 
° / oO / 
16 28° 11.8 2.65 3.5 4.45 2.106 64 36 $9 12 4.5 1.0 2.80 2.08 5.68 
3 13.8 2.3 4.1 5.99 2.441 67 43 45 26 4.9 0.8 2.82 2.05 6.73 
12 26.6 2.6 7.3 10.22 3.195 72 3 55 14 7.7 0.4 4.17 2.45 10.85 
14 28.6 2.6 8.7 11.00 3.210 72 42 55 24 7.9 —0.8 4.56 2.37 12.05 
17 3 11.5 1.85 3.2 6.21 2.488 68 17 46 34 4.0 0.8 2.31 1.53 7.52 
6 15.4 2.2 4.0 6.99 2.640 69 15 48 30 5.4 1.4 2.91 2.19 7.03 
9 17.3 2.3 4.6 7.52 2.740 69 57 49 54 5.6 1.0 3.16 2.06 8.41 
18 3 11.0 1.85 3.1 5.95 2.438 67 42 45 24 3.9 0.8 2.27 1.60 6.87 
19 8 9.5 1.65 2.9 5.76 2.395 67 20 44 40 3.5 0.6 1.98 1.55 6.12 
10 15.2 2.1 3.5 7.23 2.685 69 34 49 08 4.9 1.4 2.83 1.97 7.72 
15 18.5 2.1 4.5 8.82 2.965 71 22 52 44 5.6 1.1 3.12 1.89 9.78 
20 15° 9.3 1.6 3.2 5.81 2.408 67 27 44 54 3.3 0.1 1.87 1.43 6.50 
1 10.1 1.8 3.5 5.62 2.368 67 06 44 12 3.6 0.1 2.13 1.51 6.69 
3 21.3 3.6 6.3 5.92 2.434 67 40 45 20 76 1.0 4.38 3.18 6.7 
7 $3.7 5.4 8.5 6.23 2.495 68 10 46 20 11.8 3.3 6.76 4.82 6.99 
21 2 13.0 1.9 3.8 6.84 2.610 68 58 47 56 4.5 0.7 2.49 1.82 7.13 
3 14.0 2.3 4.1 6.08 2.461 67 53 45 46 4.8 0.7 2.84 1.91 7.33 
10 29.5 3.3 6.9 8.93 2.984 71 28 52 56 8.9 2.0 4.95 2.99 9.87 
23 26° 12.0 2.0 3.8 6.00 2.443 67 44 45 28 4.2 0.4 2.46 1.7] 7.02 
2 14.1 2.3 4.3 6.13 2.475 68 00 46 00 5.0 0.7 2.85 2.08 6.78 
8 20.5 2.9 58 7.07 2.653 69 21 48 42 6.7 0.9 3.87 2.49 8.22 
9 34.0 4.15 8.3 8.19 2.856 70 42 51 24 10.7 2.4 5.96 3.78 8.99 
13 43.0 4.20 8.4 10.24 3.235 738 2 56 46 12.2 3.8 6.65 3.61 11.90 
24 19* 10.0 1.7 3.3 5.89 2.421 67 33 45 06 3.4 0.1 2.06 1.36 7.35 
2 14.7 2.3 4.2 6.39 2.521 68 22 46 44 4.9 0.7 2.92 1.86 7.91 
3 18.3 2.7 4.9 6.77 2.600 68 58 47 56 6.2 1.3 3.52 2.42 7.56 
5 24.5 3.2 5.9 7.65 2.760 70 05 50 10 7.9 2.0 4.44 2.89 8.47 
10 35.0 3.5 8.2 10.00 3.160 72 26 54 52 10.2 2.0 5.54 3.28 10.68 
17 42.5 3.4 8.7 12.49 3.595 “4.2 58 44 11.2 25 5.92 3.19 13.32 
25 3 10.8 1.4 2.5 7.72 2.775 70 11 50 22 3.5 1.0 1.95 1.28 8.44 
12 18.7 1.6 8.7 11.68 3.415 73 41 57 2 5.0 1.3 2.74 1.45 12.90 
26 2 15.5 2.0 3.1 7.75 2.780 70 13 50 26 5.0 1.9 2.79 1.84 8.43 
5 19.5 2.4 3.7 8.13 2.848 70 39 51 18 6.1 2.4 3.42 2.15 9.06 
8 22.5 2.2 3.85 10.22 3.195 72 37 54 14 6.2 2.35 3.52 1.93 11.65 
27 3 18.0 2.3 4.1 7.82 2.792 70 18 50 36 5.9 1.8 3.22 2.22 8.09 
5 22.0 2.5 4.6 8.80 2.962 71° «2i 52 42 6.9 2.3 3.71 2.43 9.06 
28 12 17.0 1.5 3.2 11.34 3.360 73 26 56 52 4.6 1.4 2.53 1.35 12.60 
29 9 10.3 15 2.4 6.87 2.618 69. 06 48 12 3.5 1.1 1.97 1.38 7.48 
30 6 9.5 1.5 3.4 6.33 2.515 68 19 46 38 3.1 —0.3 1.89 1.14 8.33 
ll 15.9 1.7 3.6 9.35 3.055 71 52 53 44 4.5 0.9 2.60 1.39 11.44 
Special 20* 9.8 1.55 3.0 6.32 2.515 68 19 46 38 3.4 0.4 1.95 1.37 7.05 
2 12.1 2.1 3.9 5.77 2.398 67 22 44 44 4.3 0.4 2.52 1.80 6.72 
3 16.5 2.6 44 6.34 2.516 68 19 46 38 4.9 0.5 3.28 1.53 10.8 
7 27.5 3.6 6.5 7.63 2.76 ~ § 50 10 8.9 2.4 4.98 3.26 8.44 
9 33.0 3.6 7.3 9.16 3.02 71 41 53 22 10.0 2.7 5.46 3.37 9.79 
15 40.5 3.6 8.7 11.24 3.351 78 2 56 46 11.2 2.5 6.04 3.38 11.97 


q, = compressive strength, psi. 

Tens = tensile strength, psi. 

S = shear strength, psi. 

@ = angle of internal friction. 

S (Diff) = difference between theoretical and determined values (Col. 10 - Col. 5), psi. 

C = cohesion, psi. 

Gp = Normal stress, psi. 

*No. rams marked with asterisk refer to 2.0 lb-2.0 in. rams, others refer to standard 14 1b-2.0 in. rams. 

tLaboratory test data (cols. 3 and 4) used to calculate g (col. 9) and S$ (col. 10) and the comparison of theoretical values of 
S (col. 10) with those determined in the laboratory (col. 5), such comparison given in col. 11. Values for C, ¢,, @ are shown because 
of ease of computation. The data in col. 6 is also that of No. 
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Relationship between calcu- 
lated values of green shear 
strength and laboratory 
measured values of green 
compressive and tensile 
strengths! for sand mixtures 
containing 6, 8, 10 and 12 
per cent western bentonite 
and 4 and 8 per cent south- 
ern bentonite. Shear-tensile 
relationship is shown as one 
line (bottom line) as all 
values fell close together. 
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Green Tensile-Compressive Strength psi 
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2C tan (45° + $) 





Z, = - (13) 

Y 
where y= unit weight of the mass but from equa- 

tion (2) 
qu = 2C tan (45° + $). 
then 

z= (14) 

Y 


For those concerned with the cracking of recently 
baked cores and shell molds, it might help solve their 


TABLE 2 — VARIATION OF GREEN SHEAR 








STRENGTH* 
Avg. variation of 
No. times a measured values 
Degree of degree of ram- from theoretical, 
ramming ming was used psi. 
2 Ib rammer weight 
15 to 45 16 0.33 
14 lb rammer weight (standard) 
l ] 0.1 
2 16 0.67 
3 23 0.9 
5 4 1.9 
7 8 2.31 
8 5 2.35 
9 5 1.9 
10 4 2.15 
1] 5 1.84 
12 5 1.87 
13 l 3.8 
14 2 1.5 
15 6 1.98 
17 I 2.5 
19 l 1.9 


*Variation in green shear strength, psi, from theoretical, as 
degree of ramming is varied. 








problems if they would consider together the distance 
Z, along with the strain theory of hot tearing between 
metal grains, after Bishop, Ackerlind and Pellini, and 
the hot tearing between sand grains in the molded 
masses. 
CONCLUSION 

An attempt has been made to relate certain prin- 
ciples of soil mechanics to evaluating sand test data. 
Certain nonstandard ramming conditions for the 
molding of test specimens enabled investigators to 
obtain laboratory test results closely approaching 
theoretical values, although such an approach to 
theoretical values was not obtained when standard 
ramming conditions were used. It is proposed that a 
study be instigated which will result in better test 
procedures. 

A new approach for studying the subject of flow- 
ability of sands is suggested using the flow value 


N@ = tan? (45 + ¢) 


Possibly the problem of the cracking of unconfined 
green sand molds can be resolved by considering the 
implications of Z,. 

The hot tearing of recently baked cores could pos- 
sibly be understood by coupling the implications of 
Z, with strain theory of hot tearing (usually applied 


to alloys). 
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SHELL-MOLDED TEST BARS FOR 
TIN BRONZE CASTING ALLOYS 


by S. Goldspiel, E. W. Chrzan and M. L. Foster 


ABSTRACT 


Shell molding, which has good potential for the pro- 
duction of ready-to-test tensile bars with practically no 
machining quickly and economically, is being investi- 
gated for G, M and Z bronze alloy castings as a method 
to replace current practice of tensile bar production 
which involves machining, time delays and expense. 
For the particular alloy types, the problem is to deter- 
mine the type of pattern and shell makeup which will 
produce as-cast bars having properties substantially 
equivalent or of constant known relation compared to 
those obtained with conventionally specified bars. 

The phases investigated to date include a) correla- 
tion of properties obtained with shell compared to core 
molded bars, b) relationship between temperature of 
pouring and tensile properties for both shell and core 
molded bars and c) determination of the effects of such 
factors as temperature of pour, mold material, alloy and 
pattern type on the equivalency of results obtained 
from actual tensile tests. It is concluded that bars 
poured by different methods are equivalent when the 
macro- and microstructures and soundness are similar. 
The importance of the three factors is in the order 
listed. Indications are that for each alloy type there 
exists a determinable constant relationship between 
the tensile properties for the two bar types at a pour- 
ing temperature of 2000 F and for standardized mold- 
ing practices. Continued work in progress is outlined. 


INTRODUCTION 


Conventional methods for the production of tensile 
test bars for the evaluation of the melt quality of cast- 
ings involves machining time delays and considerable 
expense. Shell molding suggests a potential method 
for producing quickly and economically finished bars 
which require practically no machining. Other ad- 
vantages of using shell molding in the production of 
tensile bars include: 
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Applicability to evaluation 
of melt quality 


a) Variabilities of the mold, such as moisture con- 
tent, permeability, molder, etc., are removed. 

b) The inclusion of dirt in bars due to crumbling of 
conventional mold walls is greatly reduced. 

c) Shell molds can be made up in advance and stored 
in relatively little space without danger of break- 
ing or other deterioration, whereas conventional 
molds are relatively brittle, absorb moisture and 
are difficult to store. 


The ise of shell molds need not be limited to found- 
ries who have shell molding facilities. It is conceiv- 
able that when suitable patterns have been evolved 
for various casting alloys and by various specifica- 
tions, supply houses may stock and furnish shells 
which have been mass produced. It is considered that 
economies of mass production of shells by specialists 
would in a short time make the costs of even small 
quantities of shells to small foundries insignificant 
and competetive with current costs of test bar 
molding. 

In order that the possible advantages of shell mold- 
ing of test bars may be realized in any particular 
application, the major problem is to determine the 
type of pattern and shells which will produce as-cast 
bars having properties substantially equivalent or of 
constant known relation compared to those obtained 
with conventionally specified bar types. The relation- 
ship between results obtained by the two bar types 
must be established in order that its use will not place 
either producer or consumer at an unfair advantage 
or disadvantage, whichever the case may be. 

The phases which must be investigated in any par- 
ticular application include: 


a) Correlation of properties obtained with shells 
compared to core and sand bars under routine 
foundry conditions. 

b) Relationship between temperature of pour and 
tensile properties for both shell and core bars, 
with a view of finding a comparable optimum, if 
possible. 
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Determination of pour temperature and shell mold 

makeup which would yield bar properties equiva- 

lent to those obtained by current satisfactory prac- 

tices. 

d) Effect of mold and bar design. 

e) Effect of solidification range of alloys. 

f) Effect of interactions between shells and alloy 
constituents on properties, if any. 

g) Shell back-up vs. cooling rates. 

Additives and modifiers to shell investments, if 

necessary, to obviate possible interactions and 

heat transfer differences. 


ia) 


a 


TIN BRONZE INVESTIGATION 


The Material Laboratory, under the sponsorship of 
the Bureau of Ships, is currently conducting an in- 
vestigation to determine the applicability of shell 
molded test bars in the melt quality inspection of tin 
bronzes, types “G,” “M” and “Z.”1.2.3 This is because 
these alloys give good detail with shell molds, and 
represent a major portion of the Yard foundry’s cop- 
per-base alloy casting.* Depending on results of ini- 
tial trials, it is planned, however, that applicability of 
“ready-to-test” as-cast bars will be developed for other 
alloy types as well. 

Based on studies of casting shrinkage, mold dimen- 
sions, radiographic soundness and mechanical han- 
dling problems, the first metal pattern considered for 
shell molds for the current study was designed and 
manufactured in accordance with Fig. 10 of Federal 
Test Method Standard No. 151. The shell molds 
of this pattern were poured simultaneously with 
baked core molds, designed in accordance with Fig. 
12b of the same standard, which are used regularly 
in connection with routine production of tin bronze 
melts. 





*All test heats met the applicable specified chemical require- 
ments, which are listed in Table 4. 


113 


Fig. 1— Photograph showing gating and pattern de- 
sign of core sand (left) and shell (below) molded ten- 
sile bar castings. 





The mold making procedures for the two types of 
patterns are: 


Shell Molds 

Mixture 
1) 200 lb grade A silica sand, AFS 150. 

2) 111% Ib zircon sand, AFS 110. 
3) 13% |b resin. 

Mulling Time—8 Min. 

Dwell Time—l4 min with pattern plate at 400-450 F. 

Shell Thickness—* ,-in. 

Curing Time—one min at an oven temperature of 
400-450 F. 

Core Sand Molds 

Mixture 
1) 63 gal grade A silica sand, AFS 150. 

2) 7 qt linseed oil. 
3) 2 gal western bentonite. 

Dry Mulling Time—5 min. 

Wet Mulling Time—4 min, during which linseed oil 
is added and followed by a sufficient: amount of 
water for 4 per cent moisture content. 

Baking Time—3 hr, for 2 in. mold thickness, at 
400 F in a gas fired oven. 


Surface Roughness 

The R.M.S. surface finish of tensile bars produced 
by the shell molds is approximately 60, 80 and 120 
microin, for alloys G, M and Z, respectively. The 
increasing roughness in surface finishes in the three 
alloys appears to be related proportionately to a cor- 
responding increase in their lead contents. All shell 
and core sand molded tensile bars utilized in this in- 








114 


vestigation were free of any objectionable defects as 
determined by x-ray radiography before tensile testing. 

The cast to size shell molded bars and the conven- 
tional oversized, core sand type bar (which is ma- 
chined to size) are shown in Fig. 1. Bars of these types 
were poured at both conventional temperature and at 
variations therefrom, the temperatures being re- 
corded with an immersion type pyrometer. They rep- 
resent melts made in an indirect-arc rocking type 
furnace utilized in shipyard foundry production. This 
report summarizes tensile data accumulated to date 
and makes an analysis of the relationships between 
metallographic structures and tensile results. 

Table 1 shows a comparison of tensile strength 
and elongation properties of shell and core sand 
molded bars poured in the range of 2000 to 2050F, 
under routine foundry control conditions. The shell 
bars were cast simultaneously with conventional core 
bars used in determining the melt quality of ordi- 
nary production melts. The results show that 


TABLES 1, 2 AND 3—COMPARISON OF TENSILE 
PROPERTIES BETWEEN SHELL AND CORE 
SAND MOLDED TEST BARS AT 
POURING TEMPERATURES 


Table 1— Poured Between 2000 and 2050 F, Under Routine 
Foundry Production Conditions 





Tensile Strength % Elong. in 





in 1000 Psi 2 in. 
No. of Shell Core Shell Core 
Alloy Type Samples * Bars Bars Bars Bars 
<agr x 46.6 46.3 46.2 41.8 
mas © oe Ns 16 5.8 5.8 
Valve Bronze 36 xX 42.6 43.6 40.1 46.3 
“M” o 1.6 16 6.9 6.9 
Hydraulic “Z” 8 g 38.8 40.1 29.7 34.6 
Bronze o 1.3 1.3 6.2 6.2 





Table 2— Poured Between 2000 and 2050 F, Under Experi- 
mentally Controlled Conditions 





‘ dessin x 47.3 45.0 54.2 46.2 
may «6 ¢ 381 29 #71 88 
Valve Bronze 28 x 43.1 43.6 41.8 44.8 

“M” a 3.1 2.7 8.0 5.2 
Hydraulic “Z” 28 x 37.2 40.9 23.5 $1.3 
Bronze o 1.5 1.0 4.7 4.2 





Table 3— Poured at Optimum Pouring Temperature, i.e. 
1925 F for Alloy “G” and 2000F for Alloys “M” and “Z” 





sian’ na 4 44.7 45.0 56.1 39.9 
neering sme eee * ec ne 7 
Valve Bronze ee x 39.3 40.0 40.3 37.0 

“M” o 2.8 0.5 6.3 2.8 
Hydraulic “Z” ee x 403 38.9 30.0 30.3 


Bronze o 1.6 1.3 1.8 5.0 


NoTEs: *X = Average and ¢ = Standard Deviation 
** Two samples were tested for each type bar at each of 
7 pouring temperatures ranging from 1900 to 2200 
degrees F. Optimum value is based on a statistical 
analysis of different pouring temperature groups 
showing no significant differences. 
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Fig. 2— Pouring temperature effect on the ultimate 
strength of tin bronze cast in shell and core sand molds 
and patterns. 


a) The gun metal tensiles for both types of molds 
are equivalent, but the elongation value is appre- 
ciably higher for the shell than for the core 
molded tensile bars. 

In the valve bronze alloy, in which the lead con- 
tent is higher than that for gun metal, both the 
strength and ductility values are significantly 


b 
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TABLE 4— COMPOSITION SPECIFICATIONS FOR 
ALLOY TYPES “G”, “M” AND “Z” 
Cu% Sn% In% Pb% Yi Fe F 
Max. Min. Max. Min. Max. Min. Max. Min. Max. Max. Max 





Alloy 
Type Spec. 








G MIL-M-16576 89.0 86.0 9.0 7.5 5.0 3.0 0.30 — 1.0 0.15 0.05 
M MIL-B-16541 89.0 86.0 65 5.5 5.0 3.0 2.0 1.0 1.0 0.25 0.05 
Z MIL-B-16444 86.0 84.0 6.0 4.0 6.0 4.0 60 40 10 * 0.05 


*as specified 





higher for the core than for the shell molded ten- 
sile bars. 

c) This trend in the valve bronze is also evident in 
the high leaded hydraulic bronze alloy, although 
the results are based on fewer determinations. 


Cast Tensile Bars 


To augment the results shown in Table 1, another 
series of tensile bars was cast under experimentally 
controlled test conditions. This was done to elimi- 
nate possible variables associated with daily produc- 
tion operations extended over a several month period. 








In this phase, all of the bars of each alloy were cast 
in individual large melts at a pouring temperature 
range of 2000 to 2050 F. Previous work at the labora- 
tory* and subsequent shipyard production experience 
have shown that this range yields optimum properties 
for tin bronzes, when conventional sand core molded 
bars are used. 

The results of tests on these melts, shown in Table 
2, again indicate that the tin bronze shell molded ten- 
sile bar properties decrease in comparison to those of 
the core molded bars with increasing lead content. 
Thus, at a relatively constant pouring temperature 
of 2000 to 2050 F, the tensile properties of the shell 
molded bars are higher than, equal to and lower than 
those of the core molded bars in alloys G, M and Z, 
respectively. A study of means and deviations of Ta- 
bles 1 and 2 further shows that the routine foundry 
control compares favorably with the experimental 
control used for the test bar heats involved. 


Controlled Pouring Temperatures 


In order to attain comparable tensile properties for 
all three alloys with both types of molds (if possible) 
without appreciable deterioration in optimum values, 
the effect of controlled pouring temperatures was 
next investigated. For each of the three tin bronze 
alloys, three tensile bars were poured in each type of 
mold at each of seven pouring temperatures ranging 
from 1900 to 2200F at 50 degree increments. For 
each pouring temperature and mold condition, two 
bars were utilized for tensile tests and one for metal- 
lographic examination. 

Ultimate Strength. Figure 2 illustrates graphically 
the effect of pouring temperature on the ultimate 
strength. For all three alloys, the tensile strength for 
both types of bars increases generally as the pouring 
temperature decreases. The exception is composition 
Z, which reaches a maximum for the shell bar at 
about 2000 F. For alloy G, the shell bar tensiles are 
substantially equivalent to those of the core bars in 
the temperature range of approximately 1910 to 
2010 F. Outside of this range, the shell tensiles are 
generally better than those for the core bars. 

For alloy M, the shell tensiles are substantially 
equal to those for the core tensiles in the range of ap- 
proximately 1920 to 2020 F. Outside of this range, the 
tensiles (shell) are generally better than the core 
bar tensiles. For alloy Z, shell tensile values are sub- 
stantially equal to those for the core bars over the 
ranges of approximately 1980 to 2070 F and 2170 to 
2190 F. The later range need not be considered, be- 
cause the tensiles fall below the minimum specifica- 
tion requirement and because the high temperatures 
in general cause erratic behavior. Outside of these 
ranges, the shell tensiles are generally lower than the 
core tensiles. 

Per Cent Elongation. Figure 3 illustrates graphic- 
ally the effect of pouring temperature on the per cent 
elongation in a 2 in. gage length. For alloy G, the 
elongation for the shell bars decreases generally with 
decreased pouring temperature, while the reverse is 
true for the core bar values. The core bar values are 
generally lower, with the greatest spread occurring at 
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2200 F, and decreasing as the pouring temperature 
is lowered to approximately 1920 F. The elongations 
for both types of bars are substantially the same over 
the narrow range of 1900 to 1920 F. 

For alloy M, the shell bar elongation values gener- 
ally increase with decreasing pouring temperature up 
to about 2000 F, and then fall off slightly as the tem- 
perature is lowered toward 1900 F. The elongations 
of the core molded bars generally increase with de- 
creasing pouring temperature. At the higher pouring 
temperatures, the core elongation values are sub- 
stantially lower than the shell values. The spread of 
values is greatest at the high temperatures, decreases 
with lowered pouring temperature and becomes sub- 
stantially negligible in the range of 1960 to 1980 F. 

Beyond this narrow range, where elongations for 
both types of bars are practically the same, the elon- 
gations of the core bars become significantly higher 
than those of the shell bars, as the pouring tempera- 
ture drops toward 1900 F. For alloy Z, the elongation 
for the shell bars increases with lower pouring tem- 
perature to a maximum at about 2050F, and then 
falls again as the pouring temperature is lowered to 
1900 F, at a rate which is somewhat greater than for 
alloy M, as noted above. 

Core Bar Elongations. The core bar elongations 
also increase with decreasing pouring temperature but 
tend to approach a constant value below about 
2000 F. The differences between the elongation val- 
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Fig. 3 — Pouring temperature effect on the elongation 
of tin bronze cast in shell and core sand molds and 
patterns. 
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ues of the two bar types are more erratic than for the 
other two alloy types. The values for both bar types 
appear to be substantially equivalent at about 2010, 
2070 and 2200 F. These temperatures are listed in the 
order of decreasing values of elongation, with the 
last falling below the specification minimum. At 
other temperatures the elongations for the shell bars 
are generally lower than for the core bars. 

The differences between shell and core molded bar 
tensile and elongation values indicated by Tables | 
and 2, which are based on the optimum pouring tem- 
perature of 2000 to 2050 F for core bars, are somewhat 
different when the corresponding values are read 
from Figs. 2 and 3, which represent graphs of tensiles 
and elongations vs. temperature for both bar types. 
This lack of agreement is most likely due to the fact 
that the latter curves are based on only two specimens 
for each temperature. Consequently, it appears de- 
sirable to check the trends indicated in this work by 
establishing the mechanical property vs. pouring tem- 
perature curves with a larger number of samples for 
each temperature. 


Tensile Strength Properties 

The pouring temperatures at which the tensile 
strength properties for both types of bars are highest 
and closest to each other are shown in Table 3, 
which represents a summary of a statistical group 
analysis and lists tensile values and elongations for the 
optimum temperatures of pouring of each of the 
three alloy types. It will be noted from Table 3, 
that at the temperatures for which both bar types 
give practically equivalent tensile strengths, the cor- 
responding elongations differ considerably. 

On the average, the percentages of difference be- 
tween the shell and core elongations for G, M and Z 
alloys are 40, 9 and —1, respectively. In this compu- 
tation, the elongation values for the core bars were 
used as the basis. 

It should be noted that the highest tensile strength 
at which both bar types are substantially equal did 
not fall at the same pouring temperatures for which 
the elongations were equal. This optimum condition, 
then, must be taken as a compromise. It is considered, 
here, that the optimum temperature is the one for 
which the tensile strengths are highest and as nearly 
equal as possible for both bar types. Metallographic 
studies were made in an effort to explain differences 
in tensile properties obtained with both types of mold 
materials and pattern designs, for each alloy type 
poured at various temperatures. 

Particular emphasis was given to establishing rea- 
sons for the considerable spread in values outside of 
the optimum pouring temperature range, i.e., 2000 
and 1925 for alloys G, M and Z as obtained in the 
statistical study summarized in Table 3. 

All of the macro and micro specimens were taken 
from duplicate tensile bars, representing each mold 
type and pouring temperature conditions shown in 
the graphs of Figs. 2 and 3. The macro specimens, 
which were used to study the grain size and solidifi- 
cation characteristics, represent longitudinal center 
sections of whole bars. In this manner, the gage 
length as well as both shank grips were available for 





study. Alloys G and M macro specimens were etched 
by immersion in a water solution of 30 per cent by 
volume of concentrated nitric acid. Alloy Z specimens 
were macro-etched with ammonium hydroxide plus 
hydrogen peroxide, followed by a ferric chloride 
rinse. Representative macrostructures are shown in 
Figs. 4, 5 and 6. 

The micro specimens were taken from the same 
plane as the macro sections and near the center of 
the gage section, i.e., where the tensile fractures usu 
ally take place. All of the micro specimens were po! 
ished with levigated and decanted alumina on silk 
followed by. gama! cloth. After wet polishing, the 
specimens were etched in a fresh solution of 50 per 
cent hydrogen peroxide of 3 per cent strength and 
50 per cent concentrated ammonium hydroxide by 
volume. Representative microstructures are shown 
in Figs. 7, 8 and 9 for G, M and Z alloys, respec 
tively. 


MACROSTRUCTURE 


G Alloy 


Representative macrostructures for alloy G bars are 
shown in Fig. 4. For this alloy type, the grain size in 
the gage section becomes generally smaller with de- 
creasing pouring temperature, for both shell and core 
molded bars. At any given temperature, the grain 
size is larger in the core bars than in the shell bars. 
This is due to both a heavier cross-section of the core 
bar (5£-in. vs. Y-in. diameter, respectively), and 
greater insulating effect of the core than of the shell 
molds. 

It is to be noted that for shell molded bars at the 
lower pouring temperatures, of 1950 and 1900F, a 
pronounced chilling effect occurs as indicated by 
the fine grain structure which appears in them. This 
chilling effect starts at one end of the tensile speci- 
men and progresses with decreasing temperatures of 
pouring to the other end. At the lowest temperature 
tested, i.e. 1900 F, it almost traverses the entire spec- 
imen length. The transition from the normal non- 
chilled condition appears to begin at a temperature 
between 1950 and 2000 F. 

Grain Structure. In contrast to this condition for 
the shell molded bars, the core type bars exhibit the 
fine grain structure only at the lowest pouring tem- 
perature, and even then this fine structure is largely 
confined to the gage section. The phenomenon of the 
appearance of two distinctly different grain sizes, 
evident in the shell molded bars, is probably due to 
its pattern (Fig. 1) which, by the design of gating and 
risering, introduces a marked differential in cooling 
rates between parts which are near and remote from 
the ingate. 

The effect of this differential may also be influ- 
enced by the levelness of the mold and is undoubtedly 
exaggerated and, hence, becomes more evident as the 
pouring temperature approaches the freezing temper- 
ature range for a particular rate of pouring and sec- 
tion size. 

Grain Distribution. For both bar types, aside from 
general grain refinement and the appearance of two 
distinct grain sizes after the pouring temperature has 
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reached a certain critical low point, it is to be noted 
that the grain distribution (homogeneity) becomes 
more uniform throughout the section as the temper- 
ature of pouring is lowered. Thus, the two types of 
grains, namely, columnar ones (which predominate 
at the outer walls) and the more or less equiaxed 
smaller grains (which are more prevalent toward the 
center) at the higher pouring temperatures give way 
to a more uniform distribution of one grain type, 
namely, equiaxed grains throughout the section at 
lower pouring temperatures. 

The effect of grain refinement in tin bronzes is 
generally recognized to be associated with an increase 
in the tensile strength and a decrease in the elonga- 
tion. However, improvement in grain distribution 
(homogeneity) alone is generally considered to in- 
crease both the tensile strength and the elongation. 
The effect of both grain refinement and distribution 
conditions in the case of G metal is to produce a 
general increase in the tensile strength with decrease 
in pouring temperature, as shown in Fig. 2. As far as 
elongation is concerned, the two conditions may lead 
to a high or low elongation depending upon which 
condition predominates. 

As is shown in Fig. 4, the distribution condition fac- 
tor is dominant in the core mold bars with the result 
that the overall effect is an increase in elongation with 
lower pouring temperature. In the shell molded bars, 
however, the grain size condition factor is para- 
mount, and consequently there results a general de- 
crease in elongation with a lowering of the pouring 
temperature. The marked drop in the elongation val- 
ues from 1950 to 1900 F is considered to be due to 
marked changes in grain size within the bars. 


M Alloy 


Representative macrostructures for alloy M_ bars 
are shown in Fig. 5. As with the G alloy, this 
alloy type shows a decrease in grain size with de- 
creasing pouring temperature for both shell and core 
molded bars. However, there appears to be a more 
noticeable decrease for the shell bars than for the 
core bars. Likewise, for the shell bars, the same gen- 
eral chilling effect due to pattern, as discussed for the 
G alloy, also applies. 

With decreasing pouring temperature the effect be- 
gins to appear in the temperature range of 2000 to 
2050 F for the shell bars, and is again completely ab- 
sent in the core molded bars. In the core molded bars 
at the high pouring temperatures of 2150 to 
2100 F, a centerline condition of small, generally 
equiaxed grains is quite prominent. 

Tensile Strength. The M alloy, regardless of mold 
type, shows a general increase in tensile strength with 
decreasing pouring temperature, as illustrated in Fig. 
2. This is expected because of the general grain re- 
finement which takes place with decreasing pouring 
temperatures. The tensile strength values of the core 
molded bars, poured at temperatures of 2150 and 
2100 F are considerably lower than for the corres- 
ponding shell bars because they have a pronounced 
centerline condition. 

The shell molded bars exhibit generally higher 





elongations than the corresponding core bars, as 
shown in Fig. 3, because the latter have generally 
poor grain distribution or homogeneity. The differ- 
ences in elongation between the two bar types appear 
to be due to the fact that the improvement in grain 
distribution (or homogeneity effect) is dominant 
over the grain size effect. This follows from the pre 
viously mentioned difference between these effects, 
namely, that for the distribution effect higher elonga- 
tion accompanies better homogeneity, and for the 
grain size effect, high elongations accompany coarser 
grain structure. 


Z Alloy 


Representative macrostructures for alloy Z are 
shown in Fig. 6. Core molded bars of this alloy 
poured at the higher temperatures of 2100 and 2150 
F exhibit the centerline condition similar to that 
shown by the M alloy. However, in contrast to the 
G and M alloys, this alloy type shows no noticeable 
decrease in grain size for the pouring temperature 
range of 2050 to 1900F. As a matter of fact, the 
shell-type bars show a rather noticeable increase in 
grain size with decreasing pouring temperature. This 
appears to be anomalous. 

Macrostructure. In effect, the macrostructure alone 
for this alloy for both bar types for the six tempera- 
tures of pouring shown does not yield any clear cut 
generalization which would explain the relationship 
to the observed tensile and elongation values. The 
previously mentioned centerline conditions still may 
be used to explain only the lower strength and elon- 
gation for some of the core sand bars in the Z alloy 
set. Consequently, an explanation of the comparative 
properties between shell and core bars for alloy Z was 
sought in a study of the microstructure. 

This mechanism should, of course, also tend to cor- 
roborate the relationship between the macrostruc- 
tures and tensile properties indicated for the other 
two alloy types. 


MICROSTRUCTURE 


The microstructure of both types of bars, for all 
three alloys studied, show some similar trends with re- 
gard to pouring temperature, as. 


a) The distinctly filamentary, cellular and relatively 
large grained dendrites associated with higher 
pouring temperatures change into irregular, less 
clearly defined, smaller grain configurations. 

b) The structure of the shell mold bars, poured at 
the same temperature, is less dendritic and more 
random than that of the core mold bars. 


The microstructures of the Z alloy bars show an 
interesting difference, particularly in the shell molded 
ones, compared to the G and M alloys. They reveal 
porosity which is larger and more localized at the 
higher temperatures of pouring. 


G Alloy 


The microstructures for the G and M bars of both 
bar types, and for all temperatures of pouring, sub- 
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Fig. 6— Pouring temperature, pattern design and mold 
material effect on the macrostructure of “Z” bronze. 








stantiate the trends in associated tensile and elonga- 
tion properties as related to the macrostructure. For 
the G alloy, as previously indicated, the apparent 
optimum properties were obtained between approxi- 
mately 1900 and 2050 F. The trend for improved ten- 
sile strength, when the alloy is in this temperature 
range, is borne out bv the microstructure (Fig. 7), 
which shows less clearly defined grain shapes and 
more random grain configurations than when the al- 
loy is poured at higher temperatures. However, the 
decrease in elongation values in the shell molded G 
bars poured at temperatures from 2050 to 1900F is 
not clearly explained by the microstructure and, 
hence, must be largely influenced by the grain refine- 
ment, as induced by chilling effects and revealed by 
the macrostructures. 


M Alloy 


The M alloy bar mechanical properties exhibit the 
same trends as alloy G with regard to microstructure. 
For the three temperatures, for which the represen- 
tative microstructures are shown in Fig. 8, the shell 
molded bars have somewhat better strength properties 
than the core sand bars. Furthermore, for both bar 
types the strength properties improve as the pouring 
temperature is decreased. These effects can be ex- 
plained by the grain configuration (discussed pre- 
viously) as well as by the decreased coring shown by 
the microstructures, particularly at the higher magni- 
fication. 

In general, then, for alloys G and M, the mechan- 
ical properties appear to be intimately linked to the 
microstructure, for a given type of macrostructure as 
influenced by major cooling gradients determined by 
mold, pattern geometry and pouring temperature. 
Specifically, the trends here confirm those shown in 
previous work (largely for the G alloy type),4 that 
the optimum properties for an alloy poured at various 
temperatures occur at the temperature where the geo- 
metrical dendritic microstructure transforms to a less 
pronounced random structure. 


Z Alloy 


The differences in Z alloy bar mechanical proper- 
ties, as affected by mold type and pouring tempera- 
tures, which could not be clearly related to the mac- 
rostructures, may be explained by reference to the 
microstructure similarities as well as differences com- 
pared to alloys G and M. Here, the variation in me- 
chanical properties for a particular mold type with 
pouring temperature, as well as between bar types 
for the same pouring temperature, is influenced by 
two factors. These are a) grain type (size and shape) 
and regularity (dendritic configuration) and b) por- 
osity. 

The considerations influencing grain type and reg- 
ularity, previously mentioned, still apply to the Z 
alloy type bars. It is to be noted, however, that the 
increased lead content from G, through M and finally 
Z alloys is accompanied by an increased departure of 
the microstructure from distinctly filamentary, cellu- 
lar and relatively large grained dendrites to irregular, 
less clearly defined, smaller grained configurations. 
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The Z alloy core bars show more random orientation 
as the temperature is decreased, probably as a result 
of the higher lead content. 


Strength Properties 

The strength properties correspondingly tend to 
improve with lower pouring temperature as expected. 
A similar explanation for the relationship between 
the strength properties and the microstructure of the 
Z alloy shell bars does not apply, because in the shell 
molded bars we note the appearance of the micro- 
porosity, which is larger and more concentrated at 
the higher pouring temperatures. In the absence of 
appreciable differences in macrograin structure, as 
affected by chilling, the microstructure, as affected by 
form, size and shape of dendrites and the porosity 
(size and distribution), is the factor which governs 
the ultimate strength and elongation of the Z alloy. 

The size and distribution of the porosity in the 
shell bars, as shown in Fig. 9, would suggest that the 
mechanical properties should be appreciably lower 
than those of the core bars at the higher pouring 
temperatures, and this was found to be the case. The 
porosity in the shell bars is probably a result of the 
cooling mechanism as influenced by the particular 
shell makeup and thicknesses employed. The first 
metal to solidify near the shell surfaces is richer in 
higher melting constituents, so that the metal near the 
core is enriched in the lower melting elements, par- 
ticularly Pb, which is not kept in solution. 

With difficulties in feeding, the last solidifying low 
melting constituent is surrounded by voids, which 
is evidenced in the microstructure as _ porosity. 
Whether the difficulties in feeding are due to pattern 
design or to back pressures, which may be created by 
gases produced by the interaction of the molten 
(Pb rich) metal, is not clear. However, the porosity 
distribution and extent modify the mechanical prop- 
erties normally expected on the basis of micrograin 
size and structure alone. 

In other words, in the case of the shell mold bars 
for the Z alloy, two factors, namely, porosity and mi- 
crostructure, interact to influence the mechanical 
properties. It appears that the best combination of the 
two exist at a pouring temperature in the vicinity of 
2000 F, as evidenced by Figs. 2 and 3. 


DISCUSSION OF RESULTS 


The data of this work indicate that, in general, the 
mechanical properties of two tensile test. bars pro- 
duced by different methods can be made equivalent, 
if their macro, microstructures and soundness are 
practically alike. The attainment of such equivalence 
is dependent on the following factors, in the order of 
importance, as qualified: 


a) The macrostructure affects the equivalence of re- 
sults primarily by influencing the grain size and 
distribution. Generally, fine grain structure and 
uniform distribution result in best properties. 

b) The pattern type and section size affect the mode 
of solidification and, hence, the macrostructure. 
If critical temperature gradients are introduced 
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by marked differences in mass, from one end of 

the bar to the other, as in the case of the shell 
mold bar, the macrostructure may be greatly af- 
fected, particularly at low pouring temperature. 

c) Mold makeup and thickness must be such as to 
introduce equivalent cooling (from the same tem- 
perature of pouring) in order to yield equivalent 
macrostructures. If this cannot be readily achieved, 
comparable pouring temperatures must be estab- 
lished empirically. 

d) Microstructure. For equivalent macrostructure (as 
affected by the pattern and section size and mold) 
the microstructure is determined by the alloy 
type, solidification range and pouring tempera- 
ture. Irregular, less clearly defined and smaller 
grain configurations, in general, produce better 
tensile properties. The wider solidification range 
alloys require lower temperatures of pour to 
achieve such microstructures. 

e) Soundness. The optimum soundness of a bar de- 
pends on the solidification’ range, temperature of 
pour and lead content. The control of porosity 
in the higher lead Z alloy, requires a critical com- 
bination of temperature of pour and rate of cool- 
ing because a) with shell mold cooling (which is 
faster than core mold) and a high superheat pour- 
ing, the lead enriched centers will shrink upon 
solidification, and leave voids and b) at low su- 
perheats of pouring, the section will be improper- 
ly fed, and again could have voids. For alloys G 
and M, the temperature of pour must be com- 
patible with cooling merely to the extent that 
the mold is filled without concurrent excessive 
grain growth. 


Even though the statistical analysis of Table 3 in- 
dicated.that the optimum pouring temperature was 
1925 F (by interpolation) for alloy G and 2000 F for 
both alloys M and Z, it is considered that (in the 
light of the above discussion) a pouring temperature 
of 2000 F is a practical compromise for all three alloy 
types. A pouring temperature of 1925 F is considered 
impractical because it is accompanied by a chilling 
effect, which produces a macrostructure with zones of 
two distinctly different grain sizes. The preference for 
the 2000 F pouring temperature for alloy G is sub- 
stantiated by the macrostructures of Fig. 4. 

Thus, while the tensile properties of both shell 
and core bars for alloy G are practically equivalent at 
both 1900 and 2000 F, the macrostructure of the two 
types of bars is considerably different for the former, 
and practically the same for the latter pouring tem- 
perature. The choice of the 2000 F pouring tempera- 
ture is also justified by the fact that the strength 
values are above the minimum specification require- 
ments for all three alloy types. 


CONCLUSIONS 


The following tentative conclusions may be made 
at this time, subject to further confirmation. 

The values, obtained from both bar types under 
routine foundry control conditions, compare favor- 
ably to bars made under experimentally controlled 
conditions. 
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The effect of mold type (shell vs. core) on the 
relationship between tensile properties and pouring 
temperature was not clearly established because a) 
the number of specimens used for each pour temper- 
ature was too small, and b) the bars used in each 
mold type were different in pattern and size. 

For the two bar types used in this investigation, 
(namely, the LTB for shell molds and the Webbert 
type for core molds), the optimum temperature of 
pour is 2000 + 25 F. At this temperature, the tensile 
values are essentially equivalent, although the elonga- 
tions are different. 

For practical purposes, pending the establishment 
of molds and patterns which give equivalent results 
for both tensiles and elongations, the correlation be- 
tween elongations for constant tensiles at a pouring 
temperature of 2000 F will be determined. 

The shell bar used in this investigation develops 
properties significantly above specification require- 
ments, and is sufficiently discriminating for all alloy 
types (even though the tensile properties are not 
identical to those obtained from conventional bars) 
to justify its use as a tentative inspection test bar in 
the New York Naval Shipyard foundry, where the re- 
sults are under Material Laboratory surveillance and 
which may be correlated with conventional bar re- 
sults in the continuing investigation. 


FUTURE WORK 


Additional work to establish definite statistical ra- 
tios between mechanical test results for the two mold 
types at 2000 + 25F is underway. To evaluate the 
interaction between mold types and bar pattern on 
differences in mechanical properties arrangements 
have been made to mold both pattern types in both 
mold materials. All tests will be made with a larger 
number of samples than used in the work reported 
herein, in order to develop the normal spread in 
tensile values obtained from bars representing the 
same heat. 
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GRAY CAST IRON 
CHARPY IMPACT TEST 
AND IMPACT MODULUS 


by Albert de Sy 


ABSTRACT 


Information is given on an international-research pro- 
gram dealing with the impact test on flake graphite 
cast iron. 

This research is undertaken at the request of the 
Working Group’s Panel of the International Committee 
on methods of testing cast iron. 

The author (chairman of said International Commit- 
tee) reports the results of his own research work as a 
participant and of further experiments ahead of the 
international program. In doing so he wishes to state 
that he is acting as a private research man, and that 
the responsibility of the International Committee is not 
engaged at all. 

The results of the author’s experiments undertaken 
at the request of the International Committee show 
that the impact test on gray cast iron is associated 
with a scatter of some 4 to 12 per cent, the former cor- 
responding to the softer iron grades, and the latter to 
the high strength iron grades. 

These results are in good agreement with those ob- 
tained in other participating laboratories. 

Anticipating future work of the Working Group’s 
Panel, the author has investigated the impact test on 
different test pieces belonging to the proportional series 
L=5D+1D, where L is the total length of the un- 
notched cylindrical test piece, 5 D the distance between 
supports and D the diameter. In doing this the author 
wanted to study the correlation between impact test 





results obtained on the 20 mm test piece and those ob- 
tained on any other test piece belonging to the propor- 
tional series L—=5D+ 1D. 

This problem is important. If a certain test piece, 
for example the 20 mm test piece, is adopted as inter- 
national standard we have to deal with the problem of 
measuring the impact resistance of gray iron in the 
castings and in particular in castings too thin to permit 
the machining of a 20 mm test piece. On the other 
hand it is worth while to state that the A.S.T.M.-A. 
37/54 test piece nearly belongs to the proportional 
series L—=5D+1D. 

The results obtained by employing different but 
proportional test pieces may readily be compared, pro- 
viding they are expressed in terms of energy of rupture 
per unit of volume which seems to be a characteristic 
of the material and which the author proposes to call 
“impact modulus.” 

Further experiments dealt with in this paper concern 
the accuracy of the results of the impact test, and, 
more in perticular, the influence of the ratio of utili- 
zation of the available energy and the influence of the 
speed at impact or striking velocity. 

The experimental study of those two factors of in- 
fluence shows clearly that they have to be taken into 
account. The ratio of utilization of the available 
energy should be at least some 40 per cent and the 
striking velocity should be kept within reasonable 
limits. 





PRELIMINARY NOTE 


The problem of an impact test suited for gray 
cast iron is being studied by the International Com- 
mittee of methods of testing cast iron with the aim 
of making a final proposition to be submitted to the 
International Organization for Standardization, Tech- 
nical Committee 25, Cast Iron (ISO/TC25). 

The author, who is President of said International 
Committee and of its Working Group’s Panel, is 
giving his personal opinion and wishes to state that 
the responsibility of the International Committee 
on methods of testing cast iron is not at all engaged. 





A. DESY is Prof., Head of Met. Dept., University of Ghent, 
Belgium. 
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The results reported in this paper will be studied 
by the International Committee and discussed on the 
occasion of its next meeting during the 27th Interna- 
tional Foundry Congress in 1960 in Ziirich. 

In publishing this article in an American Journal, 
the author primarily wants to inform American found- 
rymen of what is actually being done in Europe 
with the hope to reach an international agreement 
on impact testing of cast iron as already reached 
for tensile strength and hardness testing. 


INTRODUCTION 


During the meeting of the International Commit- 
tee on Methods of Testing Cast Iron held in Stock- 
holm on Aug. 21, 1957, it was agreed that, among 
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others, impact testing of gray cast iron was necessary 
and should be standardized internationally. Conse- 
quently the International Committee made a world. 
wide inquiry about existing methods, test pieces and 
standards. The committee came to the conclusion 
that there exists a large variety of test pieces and 
methods applied in different countries, that the re- 
sults of different tests can not be readily compared 
and that, except for the U.S.A., Great Britain and 
France, national standards do not exist. 


Soon after the Working Group's Panel of the In- 
ternational Committee started to work and, during a 
meeting held in Paris in Dec. 1958, came to the con- 
clusion that our knowledge about, and our experience 
on, the impact test applied to cast iron was insufficient 
to allow this panel to make a proposition that could 
be considered as a first approach of a project for in- 
ternational standardization. Consequently, it was de- 
cided that the impact test should be studied on a 
basis of international collaboration, and according to 
the recommendations made by the Working Group's 
Panel, after a board review of the different existing 
methods and test pieces. 


Types of Metal Tested 


The national delegations present at the Paris meet- 
ing agreed to cooperate, and tests were carried out in 
Belgium, France, Germany, Great Britain, Italy and 
Switzerland on the following basis: 


“The study shall deal with 3 grades of flake graphite iron 
belonging respectively to the classes 15, 25 and 35 (character- 
ized by the tensile strength minima: 15, 25 and 35 kg/mm2; 
1.S.0.-recommendation). To secure homogeneity of each iron 
group, all the test bars (cylindrical bars, standardized on the 

asics +0 
as-cast 30 49 
be cast from the same ladle of metal. 

“The method applied shall be the Charpy method on an 
unnotched cylinder machined from the as-cast 30 mm bar. 

“The test pieces adopted for this experimental study shall 
be: 

Type A: 20 mm diameter — 100 mm between supports and 
110 to 120 mm total length (This test piece was 
preferred by the Working Group’s Panel because 
the as-cast (30 mm) and working sections (20 mm) 
are the same as those of the tensile test pieces 
adopted by I.S.0.). 

Type B: A.S.T.M. - A. 37/54 test piece (This test piece was 
also retained notwithstanding the fact that most 
of the European laboratories do not have the 
testing machines suitable for this test piece and 
merely because this test piece is already standard- 
ized in the U.S.A.). 

“Other information required included: available energy of 
the pendulum, projection of the fragments of the broken test 
piece, speed at impact, etc. 

“Finally, to conclude this abstract of the adopted program 
for the experimental study, it should be said that, in each 
laboratory and for each grade of iron, sufficient as-cast test bars 
should be available for machining at least: 

5 tensile test pieces (the standardized ¢ 20 mm type A or 

type B test piece). 

50 impact test pieces type A or type B. 

“50 impact test pieces was indeed considered as a minimum 
in view of the statistical study of the results.” 


mm diameter) of the corresponding grade shall 


The résults obtained in the laboratories of the 
different cooperating countries are now available, but 
because of the personal character of this paper the 
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author wants to deal only with results of his own ex- 
periments. 

Moreover, at this stage it is of doubtful value to 
compare results obtained on different irons (although 
of approximately the same tensile strength) and with 
different testing machines. 


Results Available 


In asking different laboratories to carry out experi- 
ments on impact testing of cast iron according to the 
above abstracted program, the main aim of the Work- 
ing Group’s Panel was to get precise information on 
the scatter associated with this type of impact test 
on cast iron. 

Fortunately, the scatter was less than expected; al- 
though pendulums of quite different construction, 
with different speeds at impact were employed, the 
scatter calculated on at least 50 results varied be- 
tween the extreme limits of some 3.5 and 12 per 
cent, the lower limit generally corresponding to the 
softer grades of iron and the higher limit to the high 
strength irons. 

The results obtained at the author's laboratory 
represent a fairly good average of all the results and 
therefore it is worth while to report them in this 
paper. The author is of the opinion that it is highly 
desirable to publish the results in decimal units, and 
wants to apologize for doing so; however the final 
and most significant results will also be given in ft-lb 
units. 


RESULTS OBTAINED AT THE 
AUTHOR’S LABORATORY 


For each one of the 3 classes 15, 25 and 35, a heat 
of some 110 kg (240 lb) was prepared in a high 
frequency induction furnace (2000 cycles). 

The composition and the physical properties of the 
3 corresponding melts are given in Table 1. 


TABLE 1 





Tensile 
(5/ strength 


Melt C, Si, Mn,  P, S, Cu, 750/ kg/ 1000 





no. & % % % % % 15) mm? psi 
1 3.72 1.88 0.64 0.065 0.060 — 176 19.1 27.16 
2 3.24 163 065 0.070 0.060 — 207 30.1 42.80 


3 2.78 1.66 0.65 0.050 0.050 1.98 259 40.1 57.02 





The melts 1, 2 and 3 were cast in ¢ 30 mm test 
bars from which the tensile and impact test pieces 
were machined. All impact test pieces were of the 
type @ 20 — 100 — 120 mm. 

The impact tests were carried out on a small pen- 
dulum of 3 kgm potential energy and a speed at im- 
pact of 4.32 m/sec. This pendulum is characterized 
by a large gap (200 mm) between the stands; dis- 
tance between supports can be regulated from 30 to 
120 mm. 

Table 2 gives complete information on the results 





128 


obtained directly from the measurements and indi- 
rectly from the statistical analysis. 





the measurements and from thg statistical analvsi: 
given in Table 3. 

















TABLE 2 TABLE 3 
E,:energy of E,: energy of 
rupture Standard rupture Standard 
extreme avg. devia- Confidence Test extreme avg. devia- Confidence 
No. of values, values, tion, _ limits (0.95), piece No. of values, values, tion, limits (0.95), 
Melt impact kgcm kgem kgcm kgcm Scatter, diameter impact kgcm kgcm kgcm kgcm Scatte 
no. tests (ft-lb) (ft-lb) — (ft-Ib) (ft-lb) % in mm tests (ft-lb) (ft-lb) (ft-lb) (ft-Ib) 
1 63 121-153 «141.7 6.66 =—:141.7413.05 4.7 Melt 5 - 
(8.75-11.07) (10.25) (0.48) (10.25+0.94) 20 15 184-248 217 19 217+37.2 8 
2 50 206-295 245 20.55 245+40.2 8.39 (13.31-17.94) (15.70) (1.37) (15.7+2.69) 
(14.90-21.34) (17.72) (1.49) (17.722.91) 18 15 136-189 164 16.8 164+32.9 102 
3 50 157-289 233 26.3 233+51.5 11.28 (9.84-13.67) (11.86) (1.22) (11.86+2.38) 
(11.36-20.90) (16.85) (1.90) (16.85+3.72) 16 15 94-119 100 6.7 100+13.1 6.7 
(6.80-8.61) (7.23) (0.48) (7.23+0.98) 
14 15 64-89 75 7.1 75+13.9 9.5 
From these and other results it is clearly apparent (4.63-6.44) (5.42) (0.51) (5.42+1.01) 
that the scatter increases with the strength of the iron; 12 15 39-56 47 5.1 47+10 109 


this also applies for the tensile strength as is well 
known. However the scatter on impact tests is dis- 
tinctly greater than on tensile tests and in order to 
get the same order of accuracy one has to compare 
the average result of some four impact tests with the 
result of a single tensile test. 


Further Research Needed 


But before proposing any standardization of an 
impact test for gray cast iron, a lot of further re- 
search work remains to be done. For example: 


How to compare the results on different test pieces 
providing they belong to the proportional series 
L=5D+ 1D? 

What is the influence of excess available energy? 

What is the influence of different values of the speed 
at impact or striking velocity? c 


Undoubtedly those three questions must be an- 
swered before making a final proposal, and the Work- 
ing Group’s Panel of the International Committee on 
methods of testing cast iron is well aware of this 
necessity. 

Anticipating future work of the Working Group's 
Panel by making a series of orientation tests the pres- 
ent author tries to give a first approximate answer 
to the above mentioned three questions. 


COMPARISON OF RESULTS OBTAINED ON THE 

SAME IRON BY EMPLOYING DIFFERENT BUT PRO- 

PORTIONAL TEST PIECES FROM THE PROPORTION- 
AL SERIES L=5D+1D 


A new heat of class 35 iron was prepared in a high 
frequency induction furnace and cast in ¢ 30 mm 
test bars. 

Test piece diameters adopted were 20, 18, 16, 14 
and 12 mm, and 15 test pieces of each diameter were 
machined from the as-cast 30 mm test bars. 


Chemical composition and physical properties of 


this iron (Melt 5) are given in Table 5. 
Complete information on the results obtained from 


(2.82-4.05) (3.40) (0.36) (3.40+0.72) 





These results were obtained by using the same 
pendulum of 3 kgm or 300 kgcm; this is the potential 
or total available energy (E,) of the pendulum. 

It thus appears that the ratio of utilization of the 
available energy (E,/E, : energy of rupture or ab- 
sorbed energy divided by available energy) varied 
between fairly large limits: 


E,/E, = 217/300 = 72 per cent in average for the 
@ 20 mm test pieces. 

E,/E, = 47/300 = 15.7 per cent in average for the 
¢@ 12 mm test pieces. 


The influence of the ratio E,/E, or the influence of 
excess energy will be studied further. 


Results Comparison 


But how can we compare results obtained on pro- 
portional test pieces? In trying to solve this problem 
we have merely in mind the comparison of results 
obtained on a 20 mm ¢— 100 mm span — 120 mm 
total length test piece which has a serious chance to be 
adopted as international standard and the American 
standard test piece (ll4-in. diameter; 6 in. span; 
A.S.T.M. A. 37/54). 

This test piece does not fit in the proportional series 
L=5D+1D, but it would require only a small 
change to fit in this series; for example: 


ll4-in. diameter — 55,-in. span — 634-in. total length. 


At this stage it appears desirable to point out that 
the author did not have the facilities to compare the 
results on ¢ 20 mm and I1,-in. test pieces, not be- 
cause of lack of a pendulum with sufficient energy 
level but only because those European pendulums, 
specially built for impact tests on steel, have neither 
a sufficiently large gap between the stands nor a 
sufficient span width. 

For this reason we could only start with the 20 mm 
test piece and come down to smaller diameters. 











The energy absorbed in an impact test of the type 
considered here is the sum of: 


1) The energy of rupture comprising the energy of 
elastic and of plastic deformation up to the first 
small crack and followed by the brittle rupture 
energy. This brittle rupture already initiated by a 
small crack at the end of the plastic deformation 
occurs as a result of piled up stresses and con- 
sequently requires practically no external energy. 

2) the projection energy of the fragments of the 
broken test piece. 

3) other energy losses such as those resulting from 
hitting of the hammer by the fragments or jam- 
ming of the hammer. 

From this one may derive the following general 
equation: 


E=E,+£E, +E, 


where 
E = total energy absorbed and measured. 
E, = real energy of rupture. 

= energy of projection. 

E, = other energy losses. 


When using a pendulum adapted for this special 
test and taking the necessary precautions, E, may be 
zero and E, may be kept at a low value by the cor- 
rect choice of E,. 

It thus appears that, as a first approach one may 
put the following equation: 


E=E, 


But E, as defined above is proportional to the volume 
of the test piece (between the supports). Consequently 
admitting E = E,, and putting the results in terms of 
energy of rupture E, per unit of volume V, one is able 
to compare results obtained on various proportional 
test pieces of the series: L=5D+1D. 

For melt 5 the result of this comparison is shown 
in Table 4. 


TABLE 4 





E_/V:impact 














Test pieces E_:energy of rupture modulus 
diameter, span, V:volume, _(@V8- Of 15 tests) kgcm ft-Ib 
mm mm cm3 kgcm ft-Ib cm3 in.3 
20 100 31.42 217 15.70 6.91 8.15 
18 90 22.88 164 11.86 7.16 8.45 
16 80 16.09 100 7.23 6.21 7.33 
14 70 10.75 75 5.42 6.98 8.24 
12 60 6.77 47 3.40 6.96 8.21 





IMPACT MODULUS 


From the results shown in Table 4, it appears that 
in considering the ratio E,/V we are dealing with a 
characteristic of the material and not a kind of result 
depending in the first instance on the particular shape 
and on the dimensions of the test piece. This is in- 
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deed the case for the Charpy V-notch or keyhole notch 
test pieces or any other notched test piece employed 
for impact tests on steel. 

Therefore, the author has suggested that the result 
of the impact test on cast iron should be expressed in 
terms of energy of rupture per unit volume, and that 
the ratio E,/V should be called “impact modulus.” 

Adopting kgcm/cm* or ft-lb/in.* as units, the im- 
pact modulus of flake graphite cast iron will vary 
between some 3 and 8 kgcm/cm* corresponding to 
some 3.55 and 9.50 ft-lb/in.* It should thus be easy 
to relate the toughness level of a gray iron correspond- 
ing to a given value of the impact modulus. 

If we had never to deal with impact resistance 
measurements of cast iron on test pieces other than 
the standardized one, we could indifferently express 
the results in terms of energy of rupture per unit 
volume or simply in terms of energy of rupture. 


Impact Resistance Measurement 


But what about the measurement of the impact 
resistance of cast iron in castings of any dimensions 
and wall thicknesses? 

Suppose we want to measure the impact resistance 
of the iron in a casting with a wall thickness of 18 mm 
(34-in.). From this casting we cannot machine a stand- 
ard test piece but we can machine a 15 mm (5,-in.) 
diameter test piece belonging to the proportional 
series L= 5D + 1D. Suppose such a test piece has 
an energy of rupture of 72 kgcm (5.21 ft-lb). 

What does it mean? How do we compare that value 
with the one we would have obtained on the 20 mm 
diameter standard test piece? 

It is clear that such a result does not permit a quick 
estimation of the impact resistance level of the iron 
in the casting. On the contrary, if we express the 
result in terms of energy of rupture per unit volume 
we have immediately a comparison with the standard 
test. 

Indeed, the 72 kgcm (5.21 ft-lb) correspond to the 
impact modulus value of 5.64 kgcm/cm* (6.66 ft-lb/ 
in.*). 

We thus believe that it is not only justified scien- 
tifically, but also desirable from a practical point of 
view to express the result of the impact test on un- 
notched cylindrical cast iron test pieces in terms of 
energy of rupture per unit volume and to adopt the 
expression “impact modulus.” 


INFLUENCE OF EXCESS AVAILABLE ENERGY 


It has already been pointed out that, if no pre- 
cautions are taken, the ratio of utilization of the 
available energy E,/E, may vary between fairly large 
limits and consequently may affect the accuracy of 
the result. 

If E,/E, = 0.95, practically no energy remains avail- 
able for projecting the fragments of the broken test 
piece. On the other hand, if only some 10 per cent of 
the available energy is used much energy remains and 
part of it may be lost as projection energy and in- 
cluded in the result : E = E, + E,. 
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To study the influence of the ratio E,/E, on the 
value of the measured impact modulus one has to 
keep constant all factors of influence except the ratio 
E,/E,. This has been done in the series of tests on 
test pieces of melt 5, and it does not appear that 
E,/V increases with decreasing ratio E,/E, as one 
should logically expect. 

In order to get more information 2 supplementary 
heats were prepared. They are melts 6 and 7. Chemi- 
cal composition and physical properties of melts 6 
and 7 are shown in Table 5 together with those of 
melt 5 already studied. 


TABLE 5 





Hp Tensile 
(5/ strength 
Melt C, Si, Mn, sn S, Ni, 750/ kg/ 1000 
no % % % % % % $15) mm? psi 





5 2.70 161 064 0.05 0.06 1.94 250 382 54.32 
6 365 160 050 0.08 007 — 189 223 31.71 
7 $3.10 162 048 0.08 005 — 206 34.1 48.49 





For both melts 6 and 7 test pieces of 20, 17.5, 15 and 
12.5 mm diameter were again machined from the 
30 mm as-cast test bars and broken with the 3 kgm 
pendulum. The results obtained directly from the 
impact tests, and those obtained from statistical 
analysis, are shown in Table 6 (for the results on melt 
5, see Table 3). 











TABLE 6 
E,: energy of 
rupture Standard 
Test extreme avg. devia- Confidence 
piece No.of values, values, tion, limits (0.95), 
diameter impact kgcm kgem = kgcm kgcm _ Scatter, 

inmm _ tests (ft-lb) (ft-lb) —(ft-Ib) (ft-1b) %, 
Melt 6 

20 12 132-165 153 9.2 153+18.1 6.02 


(9.55-11.98) (11.07) (0.67) (11.07+1.31) 


17.5 12 92-122 108 8.9 108+17.5 8.27 
(6.65-8.22) (7.81) (0.64)  (7.81+1.27) 
15 12 64-78 72 4.8 72+9.4 6.68 
(4.63-5.64) (5.21) (0.35) (5.21+0.68) 
12.5 12 34-49 42.7 4.4 42.7+86 10.3 
(2.46-3.54) (3.09) (0.32) (3.09+0.62) 
Melt 7 
20 12 210-260 232 15.8 232+30.9 6.81 
} (15.19-18.81) (16.78) (1.14) (16.78+2.23) 


17.5 12 140-180 168 104 168+20.4 6.38 
(10.13-13.02) (11.79) (0.75) (11.79+1.48) 


15 1 87-120 101 122 101+239 12 
(6.29-8.68) (7.31) (0.88) (7.31+1.73) 
12.5 F 49-70 57 7.7 57+15.1 13.5 


(3.54-5.06) (4.12) (0.56) (4.12+1.09) 





From these results it is easy to calculate the values 
of the impact modulus for the different test pieces 
from melt nrs 6 and 7. These results are shown in 


Table 7. 









TABLE 7 








E,:energy of rupture E,/V:impact 














Test pieces (avg. of 12 or modulus 
diameter, span, V:volume, 11 tests) kgcm ft-| 
mm mm cm3 kgcm ft-lb cm3 in 
Melt 6 - 
20 100 $1.42 153 11.07 4.87 5.75 
17.5 87.5 21.04 108 7.81 5.11 6.03 
15 75 12.72 72 5.21 5.64 6.66 
12.5 62.5 7.36 42.7 3.09 5.79 6.8% 
Melt 7 
20 100 $1.42 232 16.78 7.39 8.72 
17.5 87.5 21.04 163 11.79 7.72 9.11 
15 75 12.72 101 7.31 7.93 9.36 
12.5 62.5 7.36 57 4.12 7.73 9.12 





Coming now to the problem of the influence of 
the amount of excess energy, it is desirable to put 
the results in such a way as to make this influence 
clearly apparent. 

This is done in Table 8 where the ratio of utiliza- 
tion of the available energy (E,/E,) is related to the 
value of the measured impact modulus (E,/V) ex- 
pressed in the two unit systems : kgcm/cm* and ft-lb 
in.’ 








TABLE 8 
diam- E,:avail- E,:energy E_/V:impact 
eterof able of modulus 
Melt piece, energy, rupture ratio ~kgem/ft-Ib/_ 
no. mm kgcm kgcm E/E, cm3 in3 
20 300 217 0.72 6.91 8.15 
18 300 164 0.55 7.16 8.45 
5 16 300 100 0.33 6.21 7.33 
14 300 75 0.25 6.98 8.24 
12 300 47 0.16 6.96 8.21 
20 300 153 0.51 4.87 5.75 
6 iv 300 108 0.36 5.11 6.03 
15 300 72 0.24 5.64 6.66 
12.5 300 42.7 0.14 5.79 6.83 
20 300 232 0.77 7.39 8.72 
- 17.5 300 163 0.54 7.72 9.11 
15 300 101 0.34 7.93 9.36 
12.5 300 57 0.19 7.73 9.12 





For the relative low strength iron melt 6, the results 
show a quite regular increase of the impact modulus 
values with decreasing ratio of utilization of the 
available energy. 

For the high strength iron melts 5 and 7, there is 
much more scatter and the same general trend is not 
(melt 5) or not distinctly (melt 7) apparent. But one 
should not forget that flake graphite iron is section 
sensitive, and in operating on test bars with different 
diameters (20 to 12 mm) all machined out of the same 
as-cast diameter (30 mm), more or less different struc- 
tures are involved and this influence may overlap 
the influence of the ratio of utilization of the avail- 
able energy. 

One should therefore ideally operate on test pieces 














with constant diameter but with pendulums of in- 
creasing available energy. At the present this is im- 
possible because we do not have such a series of 
pendulums. On the other hand adapting the available 
energy of a given pendulum by varying the falling 
height is not permissible because, in doing so, the 
striking velocity varies. 

In conclusion it may undoubtedly be stated that 
the ratio of utilization of the available energy affects 
the result and therefore the ideal should be to operate 
at constant ratio of utilization of the available energy. 

This is impossible because E, being an imposed 
characteristic of the pendulum and E, being unknown 
in advance. The best we can and we should do is to 
select the pendulum to be sure that the ratio of 
utilization be at least 40 per cent; thus E,/E, should 
be kept within the limits 0.4 to 1. 


INFLUENCE OF STRIKING VELOCITY 


In order to study the influence of the striking 
velocity one should of course keep constant all factors 
related to the material, to the test piece and to the 
test itself and vary only the striking velocity. 

This looks extraordinary simple, but again the prac- 
tical realization is quite impossible because we do 
not dispose of a series of pendulums of the same 
potential energy and different speeds at impact, for 
example from | to 6 m/sec. 

However by changing the falling height of the 
hammer, and thus obtaining different values of the 
striking velocity, and adapting then the diameter of 
the test piece in order to keep the ratio of utiliza- 
tion of the (modified) available energy nearly con- 
stant, the program appearing in Table 9 could be 
realized. 











TABLE 9 
available length 
energy diam- of the 
(E,) eter test 
striking of the of the piece number of 
velocity pendu- test L= tests 
in lum, piece, 5D+1D, melt melt melt 
m/sec kgcm mm mm 8 9 10 
0 static bend- 20 120 2 — as 
ing test 
LZ 46 10.9 65.4 — 14 12 
2.5 100 13.9 83.5 15 14 ll 
3 144 15.65 94 15 14 12 
3.63 300 20 120 — 14 a 
4.32 300 20 120 15 13 12 
4.74 1060 30.45 183 15 = 12 





By making use of three different pendulums and 
test pi¢ces of diameters from 10.9 to 30.45 mm ma- 
chined from as-cast test bars of 30 mm (and 33 mm 
for the 30.45 mm test bars) we were able to vary the 
striking velocity between 1.7 and 4.74 m/sec. 

The results of this experimental research are sum- 
marized in Table 10. 

















TABLE 10 
melt 8 melt 9 melt 10 
E./V:im- E./V:im- E_/V:im- 
= pact pact pact 
striking modulus, modulus, modulus, 
velocity, kgcm/cm3 kgcm /cm3 kgcm /cm3 
in ft-lb ft-lb ft-lb 
m/sec E/E, \ ins ) E/E, \ ins ) E/E, \ ins ) 
1.7 _ _ 0.52 4.35 0.87 7.20 
(5.13) (8.50) 
2.5 0.59 5.57 0.46 4.36 0.78 7.40 
(6.57) (5.14) (8.73) 
3 0.57 5.44 0.47 4.48 0.75 7.10 
(6.42) (5.29) (8.38) 
3.63 _ — 0.48 4.55 _— _— 
(5.37) 
4.32 0.63 6.03 0.49 4.71 0.82 7.86 
(7.12) (5.36) (9.27) 
4.74 0.68 6.49 _ _ 0.94 9.04 
(7.66) (10.67) 





In this series of tests the influence of the variation 
of E,/E,, i.e., the ratio of utilization of the available 
energy, may certainly be neglected; indeed from pre- 
vious experiments we know that its influence is small 
for values of this ratio comprised between 0.4 and 1, 
and moreover the variation of E,/E, was small: 


from 0.57 to 0.68 for melt 8. 
from 0.46 to 0.52 for melt 9. 
from 0.75 to 0.94 for melt 10. 


The general tendency shown in Table 10 corre- 
sponds to increasing values of the impact modulus for 
increasing striking velocities. This tendency is not 
apparent for striking velocities from 1.7 to 3.63 m/sec, 
but becomes clearly apparent for striking velocities 
above 4 m/sec. 


CONCLUSIONS 


The impact test on unnotched cylindrical gray cast 
iron test pieces is associated with a scatter of some 4 
to some 12 per cent. It thus appears that the accuracy 
of the average result of some 4 impact tests is com- 
parable to the accuracy of a single tensile test on cast 
iron. 

Impact resistance of gray cast iron expressed in 
terms of energy of rupture per unit volume and 
measured on an unnotched cylindrical test piece be- 
longing to the proportional series L=5D+1D (L 
= total length; 5 D = distance between supports and 
D = diameter) is a characteristic of the material and 
may be called “impact modulus.” 

The accuracy of the impact test on unnotched 
cylindrical gray iron test pieces belonging to the pro- 
portional series L = 5 D + 1 D is acceptable for prac- 
tical purposes providing following specifications are 
observed: 


a) The ratio of utilization of the available energy of 
the pendulum should be at least 40 per cent. 

b) The speed at impact or striking velocity should 
be standardized or at least kept within reasonable 
limits, for example between 2 and 4 m/sec. 








The two papers which follow, “Nonmetallic Macroinclusion Causes in Steel Castings 
Deoxidized with Aluminum” and “Reactions between Refractories and Molten Steel Con- 
taining Aluminum,” constitute a report of work done during the past year at the Univer- 
sity of Michigan sponsored by AFS Training and Research Institute and under the direc- 
tion of the Research Committee of the AFS Steel Division. This work is a continuation of 
that which the Committee has been directing toward a solution of the problem of macro- 
inclusions in steel castings. These inclusions are called by various names, such as snotters, 
ceroxides, etc. 

Research results to date indicate that the nature of the defect has been determined 
and the several modes for the formation of the defect have been established. Work on 
this project will be continued during the coming year. Effort will be directed toward 
obtaining additional information on the mechanism of formation of the macroinclusions 
and suitable means for the prevention of the defect. The Committee is confident that 
work to date is a useful contribution to the knowledge of this subject and that the suc- 
cessful conclusion of the work now planned will be of considerable benefit to the steel 
foundryman. — J. A. Rassenfoss, Chairman, G. A. Colligan, A. J. Kiesler, W. A. Koppi, 
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ABSTRACT 

Previous work indicated that the nonmetallic macro- 
inclusions in aluminum killed steels contained corun- 
dum (Al2O3) crystals accompanied by siliceous glass. 
The purpose of this report was to determine the sources 
of these inclusions by a combination of laboratory and 
field investigation. This work indicates that in addition 
to the formation of corundum during initial deoxida- 
tion, two other and more important sources exist. 

First, aluminum dissolved in liquid steel reacts with 
ladle refractories, particularly certain fireclays, form- 
ing AloOg and a siliceous glass. This aggregate can then 
be washed into the mold. 

Secondly, although a clean metal stream enters the 
mold, drossy macroinclusions may be formed rapidly 
by a combination of reactions involving surface air, 


L. H. VAN VLACK is Prof. of Ceramics and Met., and R. A. 
FLINN is Prof. of Met. Engrg., University of Michigan, Ann Arbor. 
G. A. COLLIGAN is Rsch. Met., United Aircraft Corp., East Hart- 
ford, Conn. 


subsurface aspirated air and fine eroded sand grains. 
The degree of coagulation depends upon the metal flow 
pattern. 


INTRODUCTION 
The long range objective of this project is the elim- 
ination of the large nonmetallic inclusions often 
called “‘ceroxides” or “snotters,’”’ which are encount- 
ered particularly on cope surfaces of steel castings. 
To attain this objective a three step program was 
proposed in 1958 as follows: 


1) Identify the defect, determining the phases pres- 
ent. 

2) Find the source or sources of the inclusions. 

3) Ascertain methods of elimination. 


The work of the first stage was reported! at the 
AFS convention in 1959. The conclusion reached was 
that these inclusions contain corundum (AI,O,), sili- 
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ceous glass and associated minerals such as fayalite 
(Fe.SiO,). 

The key point of this first phase was the identifica- 
tion of corundum which could only have resulted 
fromm reactions involving the aluminum dissolved in 
the steel. These reactions are: 


aluminum + oxygen = AI,O, 

(diss. in steel) (diss. in steel) (corundum) (J) 

aluminum + oxygen* = Al,O, + glass 

(diss. in steel) (from ladle (corundum) 
refractories) (2) 

aluminum + air and loose = Al,O, + glass 


(diss. in steel) sand in mold (corundum) (3) 


It should be emphasized that the samples from com- 
mercial practice and the major part of the investiga- 
tion has involved aluminum deoxidation practice. 
This is because of the wide use of aluminum as a de- 
oxidant, particularly as a preventive of pinholes in 
green sand practice. The corundum could only have 
originated from metallic aluminum and was invari- 
ably encountered in characteristic defects. 


PLAN OF PRESENT RESEARCH 


The most important phase of the present research 
has been to determine the relative importance of the 
sources mentioned. The experimental work which has 
been done may be discussed under three divisions. 
1) Initial laboratory experiments to evaluate impor- 

tance of reaction I. 
2) Field observations of reaction 2. 
3) Laboratory evaluation of reaction 2. 
4) Field observations of reaction 3. 


Initial Laboratory Experiments (reaction 1 ) 
= Al,O, 
(corundum) 


Aluminum 
(diss. in steel) 


+ oxygen 
(diss. in steel) 


One of the potentially important sources of inclu- 
sions is the development of deoxidation scum result- 
ing from reaction of aluminum with oxygen dissolved 
in the steel. Four 100 lb high frequency induction 
furnace heats of 0.3 per cent carbon steel were poured 
using increasing amounts of aluminum for deoxida- 
tion and different ladle techniques. The charge in all 
cases was composed of 1018 steel, pig iron and 85 
per cent ferrosilicon. The castings poured included 
the test plate and the ball type pattern described in 
the 1959 AFS report. The differences in heats were: 





Heat 


1 0.15% Al pig plunged 
in ladle. Some Al floated. 





Teapot ladle 


2 Same as heat | Teapot ladle 

3 0.15% Al added as clippings Open lip pour 
to stream on tapping ladle 

4 0.15% Al, 0.20% Al, 0.30% Al Open lip pour 
and 0.40% Al respectively ladle 


added to stream entering molds 





No typical large inclusions were encountered in any 





*The oxygen is present in the combined form as SiQpd. 
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of the specimens from these heats despite the extreme 
steps to have aluminum available for reactions. It is 
important to note in view of later results that a clean 
preheated “sillimunite” ladle was used for each heat, 
that the castings were small and poured rapidly. 

These experiments indicated that the corundum 
formed during deoxidation (reaction 1) was of minor 
importance in the procedure described. 


Field Observations of Reaction 2 


Aluminum ~~ _ + oxygen = AI,O, + glass 
(diss. in steel) (from ladle (corundum) 
refractories) 


If the corundum formed upon deoxidation is of ma- 
jor importance then it would seem that if a large 
ladle of liquid steel were deoxidized and bottom 
poured, the defects would be minimized. Further, the 
deoxidation inclusions should be more severe at the 
beginning of the pouring period than at the end. 

The following experiment was performed. A six 
ton heat in a bottom-pour ladle was deoxidized with 
0.15 per cent aluminum. Test plates and 200 Ib ring 
shaped castings were poured from 5 to 20 min after 
deoxidation. Both the castings and the test plates 
which were poured later contained more inclusions. 
Furthermore, the defects in both test plates and 200 
lb castings were of equal size (1-2 in. diameter) even 
though the casting was many times the weight of the 
plate and had a larger and more elaborate gating 
system. 

It would be expected that the inclusions formed 
upon deoxidation would float to the ladle surface 
with time; the bottom poured metal should therefore 
contain less inclusions as time elapsed. (The experi- 
ment was terminated with a ton of metal remaining 
in the ladle so that “sucking down” to surface mat- 
ter was avoided.) 

A new approach was obviously needed to explain 
these data. It was suggested that perhaps the alumi- 
num was reacting with the ladle bottom and the noz- 
zle. In this case the resulting products (corundum + 
glass) could be washed into the stream. This effect 
would increase with time of holding because of heat- 
ing of the refractory by the steel and increased at- 
tack. Also, the glassy material which accompanies 
corundum in inclusions is more easily explained. 

This hypothesis was confirmed by examination of 
used ladle nozzles. When steel containing alumi- 
num was poured, the ladle nozzle showed attack 
and alteration of corundum and glass (See Fig. | for 
the appearance of this structure). When no alumi- 
num was present, little attack took place and no cor- 
undum was found. 

Additional data were obtained using only silicon 
deoxidation. In this case no snotters were encount- 
ered. The nozzle appearance is shown in Fig. 2. This 
is not a practical solution for green sand castings, 
however, because of the occurrence of pinholes. 


Laboratory Evaluation of Reaction 2 


Aluminum + oxygen = Al,O, + glass 
(diss. in steel) (from ladle (corundum) 
refractories) 
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Fig. 1 — Fireclay 
nozzle specimen 
after use on alu- 
minum deoxidized 
steel. Reaction 
zone contains co- 
rundum (COR), 
glass (LIQ) and 
some hercynite 
(HER). Commer- 
cial source. 500 X. 





To determine the importance of dissolved alumi- 
num in refractory attack the following techniques 
were developed. 

Typical of 0.3 per cent C cast steel* heats of 5 lbs 
were melted in stabilized zirconia crucibles using the 
3000 cycle induction furnace (The zirconia provided 
a neutral medium and did not enter significantly 
into the reactions. This is confirmed by the data to 
be presented). 

Specimens of the refractories to be tested were pre- 
pared using an abrasive cut-off wheel. Care was taken 
to make certain that none of the wheel material was 
imbedded in the refractory. In the initial experiments 


*0.3% C, 0.7% Mn. 


DATA SUMMARY 





Temp. Time of Appearance of 








Aluminum of immer- refractory 
Heat added, melt, sion, Fireclay 
no. % F min nozzle Zirconia 
F-8 0.02 3115-2770 5 reaction, no evident 
and fusion reaction 
or fusion 
F-9 0 2915-2820 5 fusion no evident 
reaction 
or fusion 
F-9 0.05 2885-2840 5 extensive no evident 
reaction, reaction 
and fusion or fusion 
F-10 0.10 2850-2825 5 major no evident 
reaction, reaction 
and fusion or fusion 








Fig. 2 — (left) Fireclay nozzle speci- 
men after use on silicon deoxidized steel. 
Reaction zone contains glass (LIQ), 
metal (MET) and mullite (MUL). 


Commercial source. 500 X. 


Fig. 4— (right) Photomicrograph of 
fireclay nozzle specimen after immer- 
sion in silicon deoxidized steel. Struc- 
ture contains glass (LIQ), metal (MET) 
and mullite (MUL) at metal nozzle 
interface. 500 X. 


the refractory was merely immersed in the melt with 
tongs, while in the later experiments a holder was 
employed to provide constant depth of immersion. 
This technique of immersion was used to evaluat: 
reaction on refractory couples, as shown in Fig. 3 
Data are summarized in the Table. 

Figures 4, 5, 6 and 7 contain photomicrographs of 
the fireclay nozzle specimens after exposure to melts 
containing 0, 0.02, 0.05, and 0.10 per cent aluminum, 
respectively. The increasing severity of reaction with 
increasing aluminum content is obvious. 

This evaluation of the reaction of ladle refractory 
with the aluminum in the liquid steel was then ex- 
tended to include variations in reaction temperature 
(2850 and 2950F) and in refractories (over the 
system SiO,—AlI,O,). The data therefore include all 
the common fireclays as well as pure silica and high 
alumina refractories. A complete account of these 
experiments requires rather extensive discussion and 
therefore this material is contained in a companion 
paper? (Part 2, immediately following this report). 
The results, however, may properly be reviewed here. 

In brief, the greatest attack took place by alumi- 
num upon refractories in the composition approxi- 
mately 65 per cent SiO, and 35 per cent Al,O,. As 
expected, no attack of high alumina materials trans- 
pired because there is no tendency for aluminum to 
react with oxygen already bonded to aluminum. It 
is of interest however that the rate of attack of the 
high silica materials was also low, particularly at 
2850 F. 

In this case the fact that the refractory did not 
soften reduced the rate of attack. In other words, 
when a refractory softens the reaction rate is greatly 





Fig. 3 — Fireclay "4 2 3 4 5 
and zirconia nozzle Ser geek a 
specimens after Si tla i 4 me p 4 ' “ Fd rw 
immersion in steel = cas 
containing 0.05 per cent aluminum. Zirconia (top) was 
not affected while the fireclay (bottom) was attacked. 
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accelerated just as a fluid slag reacts more rapidly 
thar. a stiff one containing solid matter. 

Fiom these experiments, it may be concluded that 
another source of corundum bearing macroinclusions 
may be the washing of these refractory reaction 
products into the mold. 


Field Observations of Reaction 3 
= ALD. + glass 
(corundum) 


Aluminum 
(diss. in steel) 


+ oxygen 
(air and loose 
mold sand) 


It was observed earlier, and now has been often 
reconfirmed, that the separation of ceroxides or snot- 
ters can be seen in both ladles and risers. For ex- 
ample, if a ladle which has been treated with alu- 
minum is skimmed carefully, a scum like material will 
continue to float out. Similarly, if an open riser is 
observed carefully the separation of the same material 
can be observed. In all cases of aluminum deoxidized 
steel, this scum or dross is composed of corundum 
and siliceous glass. 

One mechanism of formation of this dross is by oxi- 
dation of the metal surface by air. An analogous re- 
action is with trapped or aspirated air during pour- 
ing the mold. 

In an attempt to minimize defects from sources | 
and 2, a heat was tapped into a 6 ton teapot receiv- 
ing ladle without aluminum deoxidation. Clean metal 
from the receiving ladle was then tapped into a sec- 
ond smaller teapot newly lined with high silica re- 
fractory. 

The metal was deoxidized with 0.05-0.10 per cent 
aluminum and poured quickly. The short contact 
time and the high silica content of the refractory 
would be expected to minimize ladle reactions. As 
this clean metal was poured into green sand molds, 
however, observation through large open risers 
showed four important effects. 


1) Formation of a surface film on the metal stream 
by reaction with air. 

2) Floating out of additional dross from beneath the 
surface. This could have been formed by reaction 
with aspirated air or with moisture. 

3) Rapid reaction of the surface film with loose sand 
particles. 

4) Coagulation of dross by eddies in the flow pattern. 


By this mechanism therefore it appears quite pos- 





Fig. 5— Photomicrograph of fireclay nozzle specimen 
after immersion in 0.02 per cent aluminum deoxidized 
steel. Structure contains corundum (COR), glass (LIQ), 
metal (MET) and mullite (MUL). 500 X. 














Fig. 6 — Photomicrograph of fireclay nozzle specimen 
after immersion in 0.05 per cent aluminum deoxidized 
steel. Structure contains increasing amount of corundum 
(COR) and glass (LIQ). 500 X. 


Fig. 7 — Photo- 
micrograph of fire- 
clay nozzle speci- 
men after immer- 
sion in 0.10 per 
cent aluminum de- 
oxidized steel. 
Structure contains 
excessive amount 
of corundum 
(COR) and glass 
(LIQ). 500 X. 





sible to have clean metal entering the mold cavity 
yet form dross quite rapidly in the mold. 

Therefore, while the steel foundryman has consid- 
ered for many years that he has a nondrossy material 
compared to the light metals, this is not true after 
aluminum has been added. Although present in 
small amounts, this aluminum reacts rapidly with en- 
trapped or surface air leading to dross defects. 
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Part II 


ABSTRACT 


The three sources of nonmetallic macroinclusions in 
aluminum killed steels are, in chronological order of 
formation: 

1) Reaction between the aluminum added during tap- 
ping and the dissolved oxygen in the steel. 
2Al + 30—> AloO3 
(corundum) 
2) Interaction of aluminum. dissolved in liquid steel 
and ladle refractories. 
4Al+ 3Si0o—» 2 Al.O3 + 3Si 
(ladle) (corundum) 
3) Reaction in the mold such as aluminum with en- 
trapped or surface air: 
4Al + 302— 2 AloO3 
(from (corundum) 
air) 

A general summary of the effects of all three reac- 
tions is included in a companion paper (Part 1, im- 
mediately preceding this paper). 

The purpose of this report is to consider reaction 2, 
refractory-steel interactions, in detail. This is of impor- 
tance because these can produce severe inclusions in 
the metal stream issuing from a teapot or even a 
bottom pour ladle. 

The data indicate that with alumina-silica refrac- 
tories, reaction 2 is most active in the range of normal 
fireclay compositions and less important with high 
alumina or high silica refractories. 


INTRODUCTION 


As mentioned in the abstract, a companion paper! 
contains a review of the three sources of inclusions or 
dross in aluminum-killed steels. The average found- 
ryman is quite aware of the first and third reactions, 
namely, during initial deoxidation and during turbu- 
lent pouring. 
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The second reaction, between the residual alumi- 
num in the steel and the refractory has received rel- 
atively little attention. The foundryman usually be- 
lieves that with good teapot ladle practice, or at 
least with a bottom pour ladle, a completely clean 
stream of metal can be obtained. 

However, during the course of the general investi- 
gation of inclusions it was noted that both the teapot 
and the bottom pour streams contained large non- 
metallic inclusions, These can be observed directly 
during pouring. Furthermore, small plates with di- 
rect ingates were poured rapidly with a bottom pour 
ladle and contained large inclusions. It was highly im- 
probable that these could have originated either in 
the mold or from the deoxidation treatment. 

Examination of used ladle nozzles showed that ma- 
terial of the same type as found in the inclusions was 
being generated. This had been eroded by the metal 
stream during pouring. 

A detailed investigation of the metal-refractory re- 
actions, therefore was indicated. The results are de- 
scribed in the second section of this report. Before dis- 
cussing these data a review of metal-ceramic reac- 
tions and of previous work in this field may be help- 
ful. 


REVIEW OF METAL-CERAMIC REACTIONS 


In order to present this review in concise fashion, 
the following order of discussion has been employed: 


1) The aluminum-oxygen reaction within liquid 
steel. 

2) The reaction of aluminum in reducing ceramic 
oxides. 

3) Reactions among oxides (ceramic reactions). 

4) Refractory-metal reactions. 


In this way, by discussing the different possible re- 
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actions separately, the details of refractory-metal re- 
acti ns may be clearer. 


Alu‘ninum Reaction Within Liquid Steel 


The deoxidation reaction of aluminum is most con- 
veniently expressed by the relationship 


2 Al + 3O0—> (Al,0,) (1) 


Both Al and the O are dissolved in the metal. In ef- 
fect, this relationship indicates that an increase in the 
aluminum produces a decrease in the reactable oxy- 
gen.* In addition, aluminum will reduce the frac- 
tion of the oxygen which is available for reaction 
with carbon, hydrogen, iron, and other elements. Or, 
in thermodynamic terms, aluminum reduces both the 
activity and the activity coefficient of oxygen. 


Aluminum Reactions With Oxides 


The stability of aluminum oxide is greater than the 
stability of iron oxide or silica. Thus, the equilibria 
for the following two reactions may be indicated to 
be more strongly to the right than to the left. 


2 Al + 3 (FeO) GZ (Al,O,) + 2 Fe (2) 
4 Al + 3 (SiO,) YZ 2 (Al,O,) + 3 Si (3) 


Here, as with equation (1), the underline indicates 
that the element is in solution in the molten iron, 
and the parentheses signify that a separate oxide phase 
occurs. As shown by the arrows, Al and (FeO) react 
more strongly to the right than do Al and (SiO,). 

It may also be shown that the availability of 
(SiO,) for reaction is greater when the (SiO,) is 
present as a liquid than when it is present in the 


crystalline form. 


4 Al + (SiO,);iquia > 2 (Al,O;) +3 Si (3a) 
4 Al + (SiO,)sta1 GP 2(Al,O,)+3Si (3b) 


Reactions Among Oxides (Ceramic Reactions ) 


Liquid FeO dissolves SiO, at metal casting temper- 
ature,3 as shown in Fig. 1. Also, it may be observed 
that the solubility decreases only slightly (45 to 38 
per cent) over the wide temperature range of 2950 F 
to 2200 F. 

In similar fashion Al,O,-SiO, relationships are 
shown in Fig. 2.4 It is possible to flux SiO, by Al,O, 
at temperatures above 2900 F. It is also important to 
notice that a typical fireclay brick consisting of 35 
per cent Al,O, and 65 per cent SiO, will contain 
more than 50 per cent liquid at this same temperature. 
The fluidity of SiO,-Al,O, liquids is determined in 
part by the liquidus temperature. Consequently, those 
compositions containing 90 to 95 per cent SiO, will 
be the most fluid at steel casting temperatures. 





*The equilibrium constant is 1/K=(a,,)? (a))8, when 


a a= i. 
(AlzOg) 
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Fig. 1— FeO-SiOz equilibrium diagram. 


In many cases it is necessary to consider the com- 
bined effects of FeO, Al,O, and SiO,. Figure 3 shows 
the FeO-Al,O,-SiO, relationships.5** The important 
feature to note is that with less than 20 per cent 
Al,O,, there is a region which is liquid at low tem- 
peratures. Consequently, an oxide liquid of this com- 
position can form readily at iron and steel casting 
temperatures. When the Al,O, exceeds 10 to 20 per 
cent, the liquid is replaced by solid phases. The solids 
may be mullite, corundum or hercynite, which have 
the compositions of (3Al,0,*2SiO,), (Al,O,) and 
FeO-Al,O,), respectively. 


Refractory — Metal Reactions 


The reactions between refractories and metals have 
been generally ignored. However, Colligan® con- 
cluded that reaction could occur between iron and 
silica through the process of metal oxidation to FeO. 
In turn, the FeO dissolved silica from mold refrac- 





**This diagram has been modified slightly, and does not in- 
clude the fact that iron cordierite can form as a primary phase 
a few degrees above the ternary eutectic. This simplification will 
not alter the conclusions. 
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Fig. 2 — AlgOs3-SiO2 equilibrium diagram.‘ 








Fig. 3 — FeO-AlsO3-SiO»s equilib- 
rium diagram.5 (see double starred 
footnote, page 137). 
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tories. Also, work which was performed by Van Vlack 
and reported by Carney and Rudolphy? showed that 
when ladle refractories are exposed to liquid steel con- 
taining aluminum, two effects are noted: 


1) The refractory is softened, making it more suscep- 
tible to erosion and reaction. 

2) The aluminum reacts with the silica in the re- 
fractory to produce Al,O,, as shown in equation 
(3). 

Recent work by the present authors,® indicated that 
corundum-type defects were not formed by simple me- 
chanical entrapment of unaltered refractory materials. 
Rather, a deoxidation reaction had to occur which 
involved metallic aluminum. All three of the reactions 
expressed by equations (1), (2) and (3) could be 
involved. Part I to this report,! discusses these reac- 
tions in more detail and concludes that equation (2) 
is of major importance. 


EXPERIMENTAL PROCEDURE 


The purpose of this investigation was to explore 
the specific reactions between refractories and alu- 
minum that was dissolved in molten steel. The re- 
fractories which were selected for examination in- 
cluded normal ladle refractories which contain ap- 
proximately 35 per cent Al,O, and 65 per cent SiO,,. 
In addition, other refractories were chosen so that the 
full range of analyses could be examined between 
commercially pure SiO, and commercially pure Al,O,. 
These are indicated in the Table. 

Previous work had indicated that the interface be- 
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FAY Fayalite Fe2SiO, 
MUL Mullite 3Alo03*2SiO» 
HER Hercynite FeO*AloO3 


tween molten metal and a refractory could be simu- 
lated most satisfactorily by the procedure indicated in 
Fig. 4. This procedure has the following advan- 
tages: 


1) The small refractory samples may be brought to 
temperature quickly and not produce a metal skull 
at the interface. 

2) Two or more refractory samples may be included 
in the same test. Thus a direct comparison may 
be made between distinct types of refractories un- 
der identical temperature and metal compositions. 

3) The oxygen level may be maintained at a level 
consistent with metal casting conditions. 


Variations were made in aluminum content of the 
metal.! Also the metal was superheated to examine 
the effect of temperature. 

The examination of the interface between the liq- 
uid metal and the refractory was achieved by stand- 
ard micrographic procedures for refractory materials. 
This included an impregnation of the brittle refrac- 
tory with a thermosetting resin before grinding and 
polishing.* 


RESULTS AND DISCUSSION 


The results of the experiments may be divided into 
four sections for discussion. 


1) Aluminum effect upon silica refractories (low alu- 
mina). 





*See Appendix. 












































2) Aluminum effect upon silica-alumina (fireclay) re- 
fractories. 

3) Aluminum effect upon high alumina refractories. 

4) Interpretation. 


The data are summarized in Fig. 5-8 and Table. 


Aluminum Effect on Silica Refractories (Fig. 5) 


When silica (SiO,) refractories come into contact 
with molten steel which contains a limited amount of 
oxygen but no aluminum, there is no direct reaction 
between the metal and the SiO,. However, the oxy- 
gen in the metal will form FeO which can react with 
the SiO,. This reaction produces a silica-saturated 
iron oxide liquid with the specific composition indi- 
cated at the left hand side of Fig. 5. 

Three factors should be noted: 


1) The silica content of the altered liquid is about 
50 per cent. 

2) The composition does not change significantly 
with temperature. 

3) The refractory is not corroded. Rather, the prod- 
uct is absorbed by the refractory. 


When high silica refractories are in contact with 
molten steel which contains a limited amount of oxy- 
gen and also aluminum, the reaction product is free 
from iron oxide. A small amount of glassy liquid is 
formed which may be observed in the surface zone of 
the refractory. The glassy nature of this thin coating 
suggests that its composition is the one indicated at 
the right hand side of Fig. 5. Of practical significance 
is the fact that again the refractory is not corroded. 


Aluminum Effect on Fireclay 
Refractories (Fig. 6) 

Fireclay refractories contain approximately 35 per 
cent Al,O, and 65 per cent SiO,. The contrast in the 
behavior of these refractories as compared to silica 
refractories is particularly noticeable. The former 
were not corroded under test conditions. The latter 
were significantly affected. In the absence of alu- 
minum in the metal, the altered product was quite 
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fluid, and had the composition shown at the cen- 
ter of Fig. 6. With aluminum present in the metal, 
the altered product was more viscous. 

The minerals that were found in the altered prod- 
uct indicate that the composition is further to the 
lower right in Fig.,6 in the higher melting region. The 
most important observation is the fact that corundum 
is not found in the altered product unless aluminum 
had been added to the metal. 

The amount of aluminum which had been added to 
the metal directly influenced the amount of corun- 
dum which was found in the altered refractory. This 
is presented in more detail in Part I of this report.1 
Higher temperature increased the rate at which the 
refractory was altered. In addition, observations in- 
dicated that at higher temperatures the altered prod- 
uct was generally richer in Al,O,, as shown sche- 
matically in Fig. 6. 

A variation in the composition of the refractory 
produced corresponding variations in the nature of 
the altered product of the refractory. This is shown 
schematically in Fig. 7. As compared to the typical 
fireclay refractory, the more siliceous fireclay refrac- 
tory leads to a more fluid alteration product that is 
readily eroded. Conversely, the less siliceous refrac- 
tory has less alteration and erosion. In each case the 
altered product is shifted toward the low melting 
region when there is no aluminum present in the 
molten metal, and the composition is shifted toward 
higher alumina contents when aluminum is used as a 
deoxidizer in the metal. 

A contrast may be made between a siliceous fireclay 
refractory and a silica refractory. If the fireclay refrac- 
tory contains more silica and less alumina than is 
typical for fireclay refractories, there is an increase in 
fluidity and corrosion of the altered product. How- 
ever, a silica refractory with a high SiO, content is 
not corroded. Also, metal containing aluminum will 
produce a glassy liquid on the surface of silica refrac- 
tories, whereas a more viscous liquid is formed when 
the same metal comes in contact with a siliceous fire- 
clay material. 

These contrasts are to be expected when the 
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ACTUAL 


TEST 
SIZE 





i 
ee P 


2850 F 2950 F 





2950 F 2850 F 


(A) NO AL ADDED (8)AL ADDED TO STEEL 


ORIGINALS 
COMP. : 


X150 2950 F 


ALTERED 
COMP. 


















2950 F X ISO 








FeO A LoO3 
CRI Cristobalite SiO2 FAY Fayalite FeoSiO4 
TRI Tridymite SiO2 MUL Mullite 3Alo03*2SiO2 
COR Corundum AloO3 HER Hercynite FeO*AloO3 
wus Wustite FeO 


Fig. 5 — Reactions between molten steel and silica refractories. (a) — left side 
—no aluminum added to metal; (b) — right side — aluminum added to metal. 
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Fig. 6 — Reactions between molten steel and fireclay refractories. (a) — left side 
—no aluminum added to metal; (b) — right side — aluminum added to metal. 
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SUMMARY OF TESTS AND OBSERVATIONS 








Temp. Time Temp. Time 
Al of of Appearance Al of of Appearance 
Heat Added,* melt, contact, Refractory of Heat Added,* melt, contact, Refractory of 
no. % F min. used refractory no. % F min. used refractory 
F-8 0.02 3115-2770 5  -fireclay reaction, -70%, AlyO3 minor reaction _ 
and fusion F-15 none 2900-2830 5 -80% AlsOs slight fusion 
-zirconia no reaction or no reaction 
fusion 90% AlsO3 Fig. 8b 
F-9 none 2915-2820 5 _ -fireclay fusion 99% AlyOg no fusion 
-zirconia no reaction or no reaction 
fusion F-16 0.1 2880-2850 5  -80% Al,O3 no reaction or 
F-9 0.05 2885-2840 5 __ -fireclay extensive reaction, fusion 
and fusion 90% AloOg, Fig. 8b 
—" a ™ -999, AloOg sino reaction or 
fusion 
F-10 0.10 2850-2825 5 _ -fireclay major reaction, F-17 none 2850-2800 5 silica Fig. 5a 
and fusion ‘ P 
-fireclay extensive fusion 
— — F-18 0.1 2870-2885 5 —-silica Fig. 5b 
usion 
F-11 none 2880-2790 7 _ -silica no corrosion Guechny ee 
and fusion 
Gveciny extensive fusion F-19 none 2870-2830 5 __ -fireclay Fig. 6a 
-siliceous extensive fusion (dry press) 
Sveciay -fireclay same as dry 
F-12 0.1 2880-2840 5 -silica no corrosion (stiff mud) _ press 
-fireclay major reaction, F-20 0.1 2925-2830 5 _ -fireclay Fig. 6b 
and fusion (dry press) 
-siliceous major reaction, -fireclay same as dry 
fireclay and fusion (stiff mud) press 
F-13 none 2865-2815 5 -superduty fusion F-21 none 2955-2930 5 _ -silica Fig. 5a 
fireclay -fireclay Fig. 6a 
-60%, AlgO3 ‘Fig. 8a (dry press) 
-70% AlgO, ‘ino reaction, F-22 0.1 2950-2945 5 ~ -silica Fig. 5b 
ight fusion -fireclay Fig. 6b 
F-14 0.1 2900-2805 5 -superduty reaction, (dry press) 
fireclay viscous liquid *Base metal — 1030 steel (0.3% C, 0.7% Mn), melted under No, 


60%, AlpO, ‘Fig. 8a 


silicon added as required to control CO evolution. 





Al,O,-SiO, phase relationships are examined (Fig. 2) 
because the eutectic lies between that for silica and 
fireclay refractory compositions. 


Aluminum Effect on High Alumina 
Refractories (Fig. 8) 

Those compositions which are more aluminous than 
fireclay have greater refractoriness. Refractories in the 
mullite range (60-70 per cent Al,O,) contain corun- 
dum (Al,O,) in their altered products, even though 
there is no aluminum present as a deoxidizer in the 
metal (Fig. 8). In the presence of aluminum, the al- 
tered product is essentially pure corundum. 

Those refractories containing more than 90 per cent 
Al,O, in their original compositions show no alter- 
ation in contact with molten metal. This is a conse- 
quence of two facts. First, the melting temperature is 
so high that the refractory will not soften. In addition, 
there is essentially no SiO, present in the refractory 
so that the reaction indicated by equation (3) can- 
not occur. 

It is important to note that there is no accumula- 
ion of a deoxidation product upon the surface of 


these refractories. This fact is significant because it 
excludes the possibility that the refractory alteration 
in the presence of dissolved aluminum is simply an 
addition of the deoxidation product [equation (1)] 
to the refractory surface. This specific conclusion cor- 
roborates earlier observations! which showed no ac- 
cumulation of corundum on the surface of zirconia 
refractories (Fig. 4b, left sample), although it did 
form on the surface of adjacent fireclay refractories 
(Fig. 4b, right sample). 


Interpretation 


The above observations permit some rather specific 
conclusions to be drawn for the metallurgist who is 
concerned with casting quality and refractory per- 
formance. At the present these conclusions must be 
limited to those steels which have relatively low man- 
ganese contents (<0.75 per cent Mn). 

The refractories that are commonly used for ladle 
construction are those which are subject to alteration 
and corrosion by the molten metal. A fireclay refrac- 
tory is easily fluxed by FeO at molten metal temper- 
atures. In addition such refractories can be “deoxi- 















dized” by the aluminum in the metal with the devel- 
opment of Al,O, in a siliceous glass. This viscous 
glass) liquid, which contains considerable Al,O, as 
corundum, is subject to erosion by a moving metal 
stream with possible entrapment of nonmetallic ma 
teria! in the metal. 

In contrast, high alumina refractories, silica refrac- 
tories and zirconia refractories are not corroded as 
readily, nor are they subject to the extensive reaction 
with the aluminum which is used in the metal for 
deoxidation purposes. 

The desirability of a wholesale change from fire- 
clay-base refractories may be questioned although 
there are many situations where these refractories may 
not be the most appropriate: 


1) There are advantages to an easily eroded refrac- 
tory in a nozzle if there is difficulty in obtaining 
a dry shut off between molds, or if there is neces- 
sity for maintaining a rapid metal flow rate in 
the absence of a large pressure head in the ladle. 

2) Other steel compositions, particularly high man- 
ganese steels, affect silica refractories more dras- 
tically than do normal steel compositions. In this 
case, it is conceivable that silica refractories should 
not be considered, although high alumina refrac- 
tories might. 


In present green sand practice, aluminum is re- 
garded as a necessary specific preventive for pinholes. 


Si Oo 
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Other deoxidants should receive attention. Particu- 
larly, combinations of silicon and aluminum, or sil- 
icon and calcium could receive attention. It is known 
that silicon-killed steels exhibit clean cope surfaces. 
Its use should reduce the amount of aluminum that is 
required and the tendency for aluminum-refractory 
reactions. 
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Fig. 7 — Reactions between molten metal and fireclay refractories. When no alumi- 
num is added, the reaction product is a lower melting liquid. When aluminum is 
added, a more viscous liquid results. This liquid precipitates corundum or mullite. 
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Fig. 8 — Reactions between molten steel and high alumina refractories. (a) — mullite base re- 
fractories (60-70% AlsO3); (b) corundum base refractories (90-99% Alz:O3). No reaction occurred. 
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APPENDIX 
Mounting and Polishing of Refractory Materials 

The appropriate side of the sample is ground flat 
with a dry, 120-grit SiC paper. 

This is followed by impregnation of the sample to 
overcome friability. The impregnation steps include: 


1) coating the sample with a thermosetting resin.* 
2) heating (212 F) under partial pressure (aspirator 
vacuum) for 3-4 hr. 





*One of several proprietary compositions. This one was sup- 
plied by Wards Natural Science Establishment, Rochester, N.Y 


3) curing (212 F) under atmospheric pressure for 10- 
12 hr. 


Regular metallographic procedures are used for 
mounting and polishing. The particular procedure 
followed for this paper includes: 


1) Lucite mount with the flat side of the sample ex- 
posed. 

2) grinding with damp (not water-soaked) SiC papers 
(80, 120, 240, 400 and 600). 

3) polishing on a short nap cloth wheel using an 
alumina-water suspension (e.g., solution contain- 
ing 1 per cent concentrated liquid soap). 


Photographic techniques are standard with one ex- 
ception, a blue filter accentuates the contrast between 
mullite and glass. 











SOLIDIFICATION OF METALS 


general principles 


ABSTRACT 

The mechanism and factors influencing the solidifi- 
cation of metals are reviewed based on an analysis of 
the pertinent literature. The underlying phenomena of 
nucleation and growth are first described for the solidi- 
fication of a pure metal and subsequently extended 
to the freezing of single-phase solid solutions and eu- 
tectics. The influence of various characteristics of 
phase diagrams, different rates of solidification and 
crystallographic structures on the solidification process 
are listed. 

The control of the as-cast grain size is covered in 
considerable detail because of its commercial signifi- 
cance. The effect of rapid cooling, mechanical vibra- 
tion and addition of substances for inoculation and 
restriction of growth on grain refinement is reviewed 
and the mechanism of each of these factors analyzed. 
The functioning of several commercial grain controlling 
additions in solid solutions and eutectic alloys is 
described. 


INTRODUCTION 

This has been prepared as the first or introductory 
article in a series to describe the solidification phe- 
nomenon to the foundryman. The factors governing 
solidification and methods of controlling this process 
are of great importance in determining the properties 
of cast metals. Heat treatment can be employed to 
modify the as-cast properties in some respects, but 
many facets of the original cast structure do persist 
and influence the final properties markedly. 

This first report will present our existing state of 
knowledge of solidification on a general and largely 
theoretical basis. As such, this paper is primarily a 
critical review and analysis of the pertinent technical 
literature. 

Systematic solidification studies have been made 
over more than 40 years.1 However, the gathering of 
the required data has been delayed by the great ex- 
perimental difficulties encountered in such studies 
primarily due to the relatively rapid rates of reaction 
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and the numerous variables involved during freezing. 

Considerable emphasis has been placed upon stud- 
ies of solidification recently, however, and this interest 
and activity will undoubtedly improve our under- 
standing. Subsequent papers will discuss the solidifi- 
cation process and how control measures can be in- 
stituted for individual types of cast metals. 


THE LIQUID AND SOLID STATES 


Since solidification is a transformation from liquid 
to solid, the nature of the initial state must unques- 
tionably have some bearing on the end product. It is 
therefore appropriate to examine the liquid state 
first. A number of general publications are available 
in which liquid structure and behavior are summa- 
rized.?-6 In general, these treatises analyze the liquid 
state in the light of its intermediate position between 
the gaseous and the solid state. 

Several factors suggest strongly that the liquid has 
greater similarity to the solid than to the gaseous 
state. For instance, the volume change and the heat 
of transformation attending solidification are small 
compared to the corresponding values involved in liq- 
uefaction. This evidence indicates that the liquid 
structure is characterized by a densely packed atomic 
configuration, and that solidification does not neces- 
sitate extensive rearrangement of this configuration. 
X-ray diffraction studies? confirm that the atomic 
arrangement in the liquid (at least close to the melt- 
ing temperature) is not as chaotic as in the gaseous 
state, but that a certain degree of order exists in the 
immediate vicinity of any given atom. However, at 
large distances from a given atom this order is re- 
placed by complete randomness. Consequently, the 
atomic arrangement in the liquid can be considered 
as one which exhibits local or short-range order, but 
long-range disorder. 

However, the short-range order in the liquid is 
transitory in nature, since it only persists for a short 
time in a given small region, disintegrates and forms 
in another area.8 The lower the temperature in the 
liquid, the more stable become the short-range order 


groupings. 

















DISPLACEMENT —= 


Fig. la— Energy relationship 
during a phase transformation. 


Most theories designed to describe the properties of 
liquids consider the liquid state as being close to 
the solid, except that more “sites” (identified with 
holes or vacancies) are empty in the liquid phase. 
These theories do account for such properties of met- 
als as fluidity, diffusivity, compressibility and spe- 
cific volume, but none are capable of completely ex- 
plaining all aspects of the melting or freezing process. 

These theories also fail to explain why liquids can 
be undercooled considerably. If “subsize crystals” or 
short-range order groupings do exist in the liquid, it 
would be expected that these would grow as soon as 
the thermodynamic melting temperature is reached 
without appreciable undercooling. This apparent dis- 
crepancy led to the proposition® that the atoms in 
the liquid state assume a configuration which is not 
that of the solid, although coordination number and 
interatomic spacing may be similar. 

It is shown that such a configuration may have a 
lower energy than the one which would more closely 
correspond to the atomic arrangement in the solid. 
This argument, if correct, may be taken as evidence 
that freezing is not merely an extension from short- 
range to long-range order, i.e., it can not simply be re- 
garded as a disorder-order transformation. 


Solid Metal Structure 


The atoms of a solid metal are positioned in a reg- 
ular arrangement, fixed relative to one another in ac- 
cordance with one of several possible crystal struc- 
tures. Minimum energy considerations, primarily 
those involving the electron configuration, govern the 
particular structure which a metal assumes con- 
sistently upon solidification. 

Although the arrangement of atoms is interspersed 
with a large number of lattice imperfections, par- 
ticularly in the vicinity of the melting temperature, 
solid metals at all temperatures exhibit a high degree 
of crystalline regularity,1° with the distances between 
the atoms fixed by strong interatomic forces. 


Transformations from liquid to solid can then be 
described as changes from a more open structure, in 
which the atoms are loosely held in place in a trans- 
itory arrangement, to a closely packed configuration 
with strong interatomic binding forces and fixed 
atomic sites. The difference in binding energy be- 
tween the two states is released during the transforma- 
tion as latent heat of fusion. 














Fig. 1b — Advance of the high 
energy interface (c) into the un- 
transformed region (A). 


FREEZING OF A PURE METAL 


The solidification of a pure metal will be reviewe«! 
first because of the relative simplicity of this chang: 
Transformation from one equilibrium state (liquic 
to other (solid) requires the system to pass through 
intermediate states of higher energy as shown in Fig 
la. If the entire system transformed simultaneously, 
all of the material involved would be in a state of 
high energy at a given time. 

To minimize the amount of material in this inter- 
mediate high energy state, the system transforms grad- 
ually, i.e., by a nucleation and growth process. Small 
stable regions of the solid phase, called nuclei, are 
formed, being separated from the liquid by a sharp 
boundary (Fig. 1b). It is only the material in this 
boundary which at any time during the transforma- 
tion is in the high energy state. 

Thus, from a kinetic viewpoint, freezing involves 
the formation of small stable solid regions (nuclea- 
tion), and the advancement of the high energy 
boundary into the untransformed liquid phase 
(growth). 


NUCLEATION OF A PURE METAL 


The most difficult stage of the solidification proc- 
ess is the formation of a stable nucleus with its high 
energy boundary. If the work required to form a 
stable nucleus is the same throughout the entire melt, 
a condition of homogeneous nucleation prevails. 
However, if preferred sites exist, where nucleation 
can occur more readily than in others, heterogene- 
ous nucleation is obtained. Homogeneous nucleation 
occurs rarely from a metallic melt because preferred 
sites that facilitate nucleation, such as mold walls or 
foreign particles, nearly always exist. 

The principles underlying nucleation from the 
melt can best be demonstrated by the theory for 
homogeneous nucleation.1!1-12 According to this the- 
ory, fluctuating clusters of atoms, called embryos, exist 
in the liquid and tend to grow to stable nuclei. In 
order for a cluster of atoms to reach stability, the 
free energy difference between the solid and corre- 
sponding liquid embryo volume must be large enough 
to provide for the high energy interface between em- 
bryo and melt. 


Atom Growth 

For this reason, the embryo must grow to a certain 
critical size, since for a smaller particle the surface-to- 
volume ratio is too high for the above condition to be 























Fic. 2 — Change in free energy during forma- 
kion of a cubical nucleus in a melt. a) Free 
energy change at one given temperature below 










the theoretical melting temperature T,. b) 
Total free energy change at three different 
temperatures below Ty. . 
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met. Once an embryo has reached the stable nucleus 
size, it can grow rapidly with an attendant decrease 
in free energy. 

The prevailing energy relations for nucleation can 
be expressed in the following way: the local free en- 
ergy change resulting from the formation of a solid 
particle of unit volume (AF) is composed of the dif- 
ference in chemical free energy between liquid and 
solid per unit volume (AF,), and of the interfacial 
free energy between the two phases per unit area 
(4 F,;)- 

For a cubical embryo of edge length a: 


AF =a*-AF,+6a?- AF,, (1) 


The positive surface energy term varies with the 
square of the edge length, while the chemical free en- 
ergy term, which is negative below the melting point, 
varies with the cube of the edge length. Therefore, if 
the total change in free energy (AF) is plotted against 
edge length a at a given supercooling temperature, 
a maximum will be observed at a critical edge length 
a*, as shown in Fig. 2a. Up to this length, the embryo 
is unstable, because its growth requires an increase in 
free energy. 


Work of Nucleation 

Nuclei with a> a* are stable since they can grow 
with a decrease in free energy. The maximum free 
energy change that occurs at the critical nucleus size 
is called work of nucleation (A), since it represents 
the magnitude of the energy barrier which has to be 
surmounted before a group of atoms can become a 
stable nucleus. By differentiating equation (1) with 
respect to a, and setting the first derivative equal to 
zero, the work of nucleation becomes: 


A = $2.-aF,,/AF, (2) 


At the equilibrium or thermodynamic melting tem- 
perature (T,,), AF, equals zero, the work of nuclea- 
tion is infinite and a stable nucleus will not form, al- 
though fluctuating clusters of atoms do exist. For this 
reason, the freezing of a metal invariably requires 
undercooling. As the degree of undercooling increases 
both the activation energy A and the critical nucleus 
size a* are reduced, as indicated schematically in 
Fig. 2b. : 

Therefore, the rate of nucleation first increases as 
the undercooling increases. However, the formation 


of discrete groupings of atoms in the liquid which 
at a given temperature grow to stable nuclei is as- 
sisted by thermal fluctuations, making the process of 
nucleation a statistical one. As the temperature de- 
creases, the intensity of these fluctuations diminishes, 
the movement of the atom is slowed down and the 
rate of nucleation is eventually reduced, despite a 
continuously decreasing activation energy. 

Thus, with increasing degree of undercooling the 
nucleation rate first increases, attains a maximum and 
decreases at lower temperatures (Fig. 3). The rate of 
nucleation will also vary proportionally with the vol- 
ume of the sample under consideration, and inversely 
proportional with the interfacial energy between liq- 
uid and solid.13 


Heterogeneous Nucleation 


The free energy considerations for homogeneous 
nucleation can readily be extended to heterogeneous 
nucleation occurring on a foreign particle or at the 
mold wall. In this case, allowances are made for the 
surface energy between the foreign particle and the 
liquid (AF,,) and that between the foreign particle 
and the solid (AF,,). For nucleation on a flat-sided 
foreign particle, the static equilibrium relation be- 
tween the three interfacial free energies per unit 
area requires that: 


AF,; = AF,, + AF,, + cos ¥ (3) 


The significance of ¥, the contact angle between the 
foreign particle and the parent solid, is shown in 
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Fig. 3 — Supercooling effect on rate of nucleation 
(Ty = thermodynamic equilibrium melting tempera- 
ture). 

















Fig. 4 — Relationship between interfacial free energies 
and contact angle © for the case of heterogeneous 
nucleation on a flat foreign particle. SL — solid-liquid; 
SP — solid-particle; LP — liquid-particle. 


Fig. 4. Following the method used for homogeneous 
nucleation, the activation energy in the case of het- 
erogeneous nucleation is: 


[ (2 + cos W)(1 — cos ¥)? ] 
32+ AF’, 4 
A, = 
: (AF,)? 


Comparing equation (4) with (2), it can be seen 
that the activation energy for heterogeneous nuclea- 
tion is never larger than that for homogeneous nucle- 
ation. When © equals 180 degrees (no wetting be- 
tween solid and foreign particle) the activation en- 
ergies of the two cases are the same. Homogeneous 
nucleation is the most unfavorable condition for nu- 
cleation, since it requires the highest activation en- 
ergy, and therefore the largest degree of undercool- 
ing. 

Any foreign particle which wets the parent solid to 
some extent will facilitate nucleation. Since such par- 
ticles are almost always present, this explains why 
heterogeneous nucleation most often prevails in prac- 
tice. The effectiveness of foreign particles in reducing 
undercooling depends upon the value of the contact 
angle wv. These principles of heterogeneous nuclea- 
tion are fundamental in controlling inoculation and 
will be discussed in detail in the section on control 
of grain size. 


GROWTH OF CRYSTAL NUCLEI 


As soon as a stable nucleus has been formed in the 
melt, it tends to grow by acquisition of atoms from 
the liquid. If the undercooling of the melt has been 
considerable, growth of the solid crystal will occur 
rapidly. If the undercooling has been sufficient, com- 
plete solidification may occur without any abstraction 
of heat from the system. The heat of fusion in this 
case is dissipated into both the solid and liquid as 
solidification occurs. 

If, on the other hand, the undercooling of the melt 
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has been slight, the heat of fusion rapidly brings t). 
melt to the equilibrium melting temperature, an 
growth can only proceed if heat is abstracted fro 
the system. This is the condition prevailing in pra 
tice. The heat in this latter instance is only lost to t! 
solid. Accordingly, freezing is effectively a noneq 
librium process which occurs over a range of temp: 
atures.14 The speed at which a particle grows < 
pends on the amount of undercooling and on t!: 
rate at which the latent heat of fusion can be 
moved.15 


Growth Rate 


Since the potential growth rate is orders of magni 
tude larger than the rate of heat removal based o 
heat conductivity considerations, once the remaining 
melt has been heated to the equilibrium melting tem 
perature any further growth is entirely dependen: 
on heat removal.!6 In this latter case, the rate of 
growth depends upon the temperature gradient in 
the solid metal, heat conductivity, specific heat, heat 
of fusion of the metal, as well as on the heat abstrac 
tion capacity of the mold. 

Figure 5 illustrates the anticipated temperature dis- 
tribution adjacent to the solid-liquid interface for 
the case of limited (a), and for the case of consider- 
able (b), undercooling of the melt. Since in prac- 
tice continued growth necessitates removal of heat 
and thus a finite temperature gradient, it follows that 
growth of crystals does not occur at random but in an 
opposite direction to that of heat flow from the sys- 
tem. 


Crystallographic Aspects 


In addition to thermal factors, crystallographic as- 
pects must be considered in crystal growth.17 The 
facility with which atoms in the melt can be attached 
to the surface of a growing crystal depends on the ori- 
entation of the latter; in other words, the linear 
velocity with which a crystal plane can propagate 
parallel to itself is governed by the geometry and type 
of bonding prevalent in the atomic arrangement of 
this plane. 

The effect of crystal orientation on the growth rate 
has been illustrated on supercooled selenium inocu- 
lated with selenium seed crystals of different orienta- 
tions.18 Also, the relationship between growth anisot- 
ropy and atomic bonding has been demonstrated with 
NaCl—crystals.19 

The role of imperfections, such as screw disloca- 
tions, in permitting indefinite growth of a single 
spiral crystal face without requiring nucleation of 
new planes parallel to existing ones,2° indicates that 
additional atoms tend to be added to a growing par- 


Fig. 5—- Temperature distribution ad- 
jacent to the solid-liquid interface.15 a) 
The bulk of the liquid is at a tempera- 
ture above T,, — thermal conditions con- 
ducive to slow growth. b) The bulk of 
the liquid is at a temperature apprecia- 
bly below T,, — thermal conditions con- 
ductive to rapid growth. 











ticle at locations in which they can be held firmly 
in place by atoms on several sides. 


Importance of Factors 

fhe importance of thermal and crystallographic 
factors can readily be seen from the appearance of 
normal cast structures such as shown in Fig. 6. Solid- 
ification in a casting starts invariably at the mold 
walls, where a large number of fine crystals of random 
orientation can be nucleated to form the chill zone. 

Because of the anisotropy of the growth rate, those 
crystals whose direction of maximum linear growth is 
parallel (but opposite) to that of heat flow will grow 
faster and crowd out the other crystals of less favor- 
able orientation. A second zone, called columnar zone, 
with a strongly preferred orientation will thus form 
adjacent to the chill layer. The speed of growth of 
the columnar grains in a pure metal will depend on 
the rate at which the heat can be abstracted in the 
case of limited undercooling of the melt. 

The columnar zone usually extends to the center of 
a casting of pure metal, but may, in some cases, be 
followed by another zone of equiaxed, randomly 
oriented grains in the center region of solid solutions. 
It has been shown? that the preferred growth direc- 
tion in the columnar zone of body-center-cubic and 
face-center-cubic metals is the cube axis, while any 
axis in the close-packed plane of hexagonal close- 
packed metals can act as the preferred growth direc- 
tion. 

The columnar zone may consist of either polyhedral 
crystals or dendrites.14 The occurrence of dendritic 
solidification requires supercooling of the liquid ad- 
jacent to the solid-liquid interface.21 Generaily, den- 
dritic solidification will not occur in a pure metal or 
be restricted to only a minor fraction of the thickness 
of the casting!7 because the rate of heat abstraction 
is slower than the speed of dendritic growth. The 
presence of dendrites in the columnar zone of pure 
metals can only be observed if the ingot is dumped 
during the period when this type of solidification is 
in progress. 


SOLIDIFICATION OF ALLOYS 


Three phenomena increase the complexity of the 
solidification process in alloys compared to pure met- 
als. First, more than one solid phase may form from 
a single homogeneous melt; second, the solid phase 
rejected from the melt has a different composition 
than the liquid from which it originates; and third, 
solidification occurs over a range of temperatures 
rather than at a single freezing temperature. The 
freezing of two types of alloy systems will be discussed 
in this paper: a single-phase binary solid solution alloy 
and a two-phase eutectic. It is assumed that complete 
liquid solubility exists in each case. 


SOLID SOLUTIONS 


The solidification of a melt into a single-phase solid 
solution is considered first. Despite the fact that so- 
lidification is a nonequilibrium process, some of the 
aspects of alloy freezing can best be illustrated with 
the help of the equilibrium diagram. In Fig. 7 the 
upper left-hand corner of the common type of equi- 





(a) (b) 


Fig. 6 — Appearance of ingot structures a) wholly co- 
lumnar (except for chill zone); b) partially columnar 
and partially equiaxed; c) wholly equiaxed. 


librium diagram for the above alloys is schematically 
drawn. 

In this diagram, as the amount of solute element 
B is increased, the melting point is decreased below 
that of the solvent A. The alloy under consideration 
has an overall composition of C. Under equilibrium 
cooling conditions freezing will start at T, with the 
rejection of solid of composition C,,, and is complete 
at T, with the rejection of a solid of composition C 
from the melt of composition C),. 

Thus the average composition of the liquid varies 
from C to C,, during solidification, while that of the 
solid changes from C,, to C. The ratio between solute 
concentration in the solid to that in the liquid is 
referred to as distribution coefficient K,. The aver- 
age melting temperature of the untransformed liquid 
decreases along the liquidus line during solidification. 
Under equilibrium conditions, diffusion is allowed to 
occur to such an extent that a homogeneous solid 
phase of composition C is obtained upon complete 
solidification. 


Solidification Zones 

Since freezing within a binary alloy casting proceeds 
over a range of temperatures, three distinct zones gen- 
erally occur across the section while solidification is 
in progress:22 a completely solid volume adjacent 
to the mold followed by a mushy zone containing 
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Fig. 7 — Left-hand corner of a schematic binary phase 
diagram for the cast of single-phase solidification. 
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Fig. 8 — Freezing rate effect on start and end of solidi- 
fication of a 0.60 per cent carbon cast steel.23 The 
shaded area delineates the time involved during which 
the entire sand casting is mushy. 














& _,QuIDUS 
Ko>! 
SOLIDUS 


| Kos! 
LIQUIDUS 





























SOL IOUS 





























: (b) 


DISTANCE ——> OISTANCE ——> 


T 
) 
H % 
; LIQUIDUS TEMPERATURE 
; OF BULK LiguiD 
! 
pe 
| 


e 


CONCENTRATION —e 
INTERFACE 
# 
! 
° 






































° 
DISTANCE FROM THE INTERFACE 


Fig. 9a and 9b — Solute concentration adjacent to an 
advancing solid-liquid interface during alloy solidifica- 
tion. 9a — Addition of solute to lower the liquidus 
(K.<1). 9b — Addition of solute to raise the liquidus 
(Ko>1). 9c — Variation in liquidus temperature adja- 
cent to the interface due to solute buildup (holds for 
K.<1 and K.>1). 
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Fig. 10 — Liquidus temperature and possible tempera- 
ture distributions in the liquid as a function of distance 
from the interface during alloy solidification.!® 








both liquid and solid, and a completely liquid zo: 
in the center. 

The width of the mushy zone for any specific allo 
at a given time will depend primarily upon the rai 
of heat removal from the casting. The influence « 
a chill and sand mold upon the length of the mush 
zone in a 7 in. square bar casting produced from 
0.60 per cent C steel is shown in Fig. 8.23 It is note 
that after 24 to 28 min the mushy zone extends acros 
the entire 7 in. section of the sand casting. 

If solidification occurs at so fast a rate that th 
atoms cannot diffuse sufficiently to produce compx 
sitional equilibrium, a concentration gradient is s« 
up in the liquid adjacent to the advancing solid-liq 
uid interface. This buildup is produced by the loca 
enrichment of the liquid melt with B, as is shown i: 
either Fig. 9a or 9b, depending-on the type of equi 
librium diagram. 

Since the liquidus temperature varies with compo 
sition, it will change, adjacent to the solid-liquid in 
terface, for both cases a and b in the manner shown 
in Fig. 9c. If the slope of this liquidus curve at the 
interface is steeper than the temperature gradient 
in the melt, the liquid metal adjacent to the inter- 
face is said to be constitutionally supercooled. 17 


Solute Buildup 

The buildup of solute in the liquid at the interface 
reduces the liquidus temperature of this portion in 
the melt. Since the rate of diffusion to remove this 
high-solute layer is much slower than the rate of heat 
removal, the net result is to decrease the rate of den- 
dritic growth.16 If the temperature gradient in the 
liquid falls to below a certain critical value, columnar 
(usually dendritic) growth can be arrested and re- 
placed by equiaxed grain growth. 

Nucleation of new equiaxed grains requires that a 
critical degree of undercooling (A T.) be reached. In 
Fig. 10 this stage is assumed to be attained by the 
temperature distribution D. In this case, new grains 
can form in the liquid ahead of the advancing inter- 
face, thereby prohibiting continued advancement of 
the columnar zone. The equiaxed zone will, in turn, 
solidify dendritically until all supercooling has been 
eliminated.17 

In the case of sufficient supercooling, dendritic 
growth of the equiaxed crystals may prevail until the 
end of solidification. As the grains in the equiaxed 
center portion grow radially, a solute concentration 
gradient will also buildup at the interface of each 
grain. As a result, solute is trapped in the grain 
boundaries when freezing is complete. 

The variation in ratio of equiaxed to columnar 
zone length is: 


a) Inversely proportional to the effective superheat. 

b) Inversely proportional to the critical degree of 
supercooling AT,, necessary for nucleation to oc- 
cur at a reasonably high rate. 

c) Proportional to the freezing range. 

d) Inversely proportional to a function of the thermal 
parameters, i.e., the ratio becomes smaller as the 

thermal conductivity decreases because of alloy- 

ing.16 























[his nonequilibrium cooling is also responsible for 
sezregation in the solidifying alloy. The buildup of 
the high-solute layer, illustrated in Fig. 9a and 9b, 
usually persists throughout solidification since the 
rate of heat removal is normally much larger than 
the rate of diffusion of the solute in the liquid.16-24 


Segregation 

The overall segregation is obtained because of the 
higher solute solubility in the liquid, resulting in a 
variation in the solute concentration of the solid crys- 
tals rejected from the liquid throughout the freezing 
range. The extent and distribution of segregation that 
prevails in a casting depends primarily upon the rate 
of solidification.25 

First, for very slow (virtually equilibrium) freezing 
conditions of a type practically never encountered in 
commercial castings, sufficient time is allowed for dif- 
fusion of the solute in both the liquid and the solid 
and no segregation results. Intermediate freezing 
rates produce large overall segregation. However, if 
freezing occurs rapidly compared to diffusion in the 
liquid the well-known end-to-end segregation is ob- 
served, characterized by negative segregation near the 
mold wall and positive segregation in the regions 
which solidify last. 

The segregation occurring in the interdendritic 
areas is referred to as microsegregation, and is due to 
the fact that the dendrites protruding into the liquid 
act as barriers against solute diffusion in the liquid. 
The important factors influencing segregation are the 
equilibrium distribution coefficient K, (Fig. 7), the 
freezing rate and the temperature gradient in the 
liquid.?6 


EUTECTICS 


The second type of alloy that will be discussed is a 
binary eutectic in which the components have re- 
stricted solid solubility, as illustrated by the phase 
diagram in Fig. 11. A single temperature exists (called 
eutectic temperature) at which the liquid is simul- 
taneously saturated with both terminal solid solu- 
tions, indicated as a and 8. The simultaneous rejec- 
tion of these two solid phases from the melt is referred 
to as eutectic reaction, and is described by the follow- 
ing relationship: 


liquid = a@ — solid + B — solid 


In binary systems, the eutectic reaction is the only 
type of freezing during which a homogeneous liquid 
decomposes directly into two solid phases. Under slow 
cooling conditions, only alloys having a composition 
lying between a and b will undergo the eutectic reac- 
tion. Eutectic freezing is a process involving nuclea- 
tion and growth, and its mechanisms are the same as 
for single phase alloys. 


The solidification process is appreciably influenced, 
however, by the fact that a eutectic involves the freez- 
ing of two separate solid phases. The following discus- 
sion is limited to the description of the solidification 
of only the eutectic composition without reference to 
proeutectic phases. 
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Fig. 11 — Schematic representation of a binary eutectic 
phase diagram. 


Primary Phase 


The first phase to be nucleated will be that requir- 
ing the least undercooling, which is dependent upon 
the effectiveness of the foreign nuclei in the melt. The 
primary phase, once nucleated, may serve as nuclei for 
the secondary phase, or further undercooling and ac- 
companying alloy segregation may be necessary before 
the second solid phase can form. 

If the primary phase nucleates the secondary phase, 
the resulting eutectic is referred to as normal. If the 
second phase is nucleated independently in the liq- 
uid, the resulting eutectic is called anomalous. The 
two important commercial eutectics, austenite-graph- 
ite and Al-12 per cent Si belong to the group of anom- 
alous eutectics.27-28 In order that the second phase 
may be nucleated independently in the liquid, the in- 
terfacial energy between the a- and £-phase must be 
greater than that between the second phase and the 
foreign particle on which it might nucleate.2?7 

This prerequisite is in line with the principles of 
heterogeneous nucleation outlined earlier. On the 
basis of data collected from a large number of eu- 
tectics, Scheil?8.29 found that anamalous eutectics 
occur only if the ratio of the volume fraction of the 
two phases involved remains below a certain value. 


The primary solid is always present in the larger 
amount, and in most cases envelops the secondary 
solid making the latter a discontinuous phase. More- 
over, the principal constituent of the secondary or dis- 
continuous phase has always an appreciably higher 
melting temperature than that of the primary phase. 


Normal and anomalous eutectics can readily be dis- 
tinguished from one another by metallographic analy- 
sis. In the case of the anomalous mixture, the second 
(and discontinuous phase) is characterized by its ir- 
regular shape and random orientation, while in the 
normal eutectic the second phase possesses a definite 
and simple shape such as rod, sphere or lamella, as 
well as a definite crystallographic orientation.29.3° 
Since the shape of the second phase is also affected 
by the cooling rate, more than one morphology may 
be encountered in a given eutectic. 
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Fig. 12 — Schematic representation of a lamellar eu- 
tectic advancing into the liquid under steady state 
growth conditions. Phase a is the leading phase.?7 


Binary Eutectic 


While many facets of the solidification of an anom- 
alous eutectic are similar to those found in single- 
phase alloys, normal eutectics solidify in a consider- 
ably different manner. These differences arise because 
the two phases in normal eutectics grow as a unit 
and impose restrictions on one another, as will be dis- 
cussed for the lamellar morphology. Figure 12 illus- 
trates a lamellar type A-B binary eutectic growing into 
the liquid. 

As soon as a critical degree of undercooling is 
reached a primary a particle (rich in A) is rejected 
from the liquid. The attendant increase in B at the 
solid-liquid interface supersaturates the liquid with 
respect to this element, eventually forcing the nucle- 
ation of the second phase 8 on the a-particle. The 
formation of alternate layers of a and 8 may occur 
as a result of the overlapping of one phase over the 
edges of the other.?7 


This mechanism requires less undercooling than is 
necessary for the separate nucleation of each individ- 
ual phase layer. This continued growth from one nu- 
cleus is analogous to spiral growth with the aid of 
screw dislocations as proposed for pure metals.?° 


Concentration Gradient 


As the two phases grow into the liquid, the con- 
centration gradient ahead of their respective solid- 
liquid’ interface increases, thereby decreasing the 
growth rate. This slowing down of the growth rate 
is counteracted by diffusion processes in the liquid 
which attenuate the concentration gradient. As soon 
as these two opposing tendencies balance, growth con- 
tinues at a constant rate. 


Since equalization of the concentration gradient oc- 
curs faster ahead of a thin than of a thick section, 
the growth rate would: not remain constant if the 
section width should change during freezing. How- 
ever, additional stability for steady state growth is 





provided by the interfacial energy between 1! 
phases. This energy increases as the width of the s« 
tions decreases, which tendency effectively counte 
acts thinning once steady state growth is attaine 


The role played by the interfacial energy explaii 
why the width of the phases is virtually consta: 
throughout the entire eutectic mass for a given s 
of cooling conditions. Moreover, the faster the he 
is abstracted the lower is the temperature at whi 
the lamellas grow, and the narrower the resultin 
width of sections of the phases. 


This latter fact is primarily due to the slower rat 
of diffusion for removal of the concentration grad: 
ent, and to a larger driving force (difference in bul: 
free energy) at lower temperatures which tend | 
shift the steady state growth condition in such a di 
rection as to facilitate attenuation of the above con 
centration gradient, i.e., toward thinner lamellas. 


The ‘alternate layers of a and 8 grow from 
single starting point in all directions until anothe: 
group is contacted. Each group is called a grain, cel! 
or colony. The direction of growth of eutectics is 
opposite to that of the heat flow, as was described 
for pure metals and single-phase alloys. If the axes 
of the lamellas in a particular grain do not coincide 
with this direction, the respective colony cannot grow 
to any appreciable size, since it is rapidly encroached 
by grains with a more favorable orientation for rapid 
growth. This can lead to conditions, where similar ori 
entations or columnar structures in neighboring cells 
are observed. 


The solidification of anomalous eutectics lacks the 
uniformity of the normal type, since no regular ori- 
entation exists between the two phases. Both phases 
usually solidify and grow in contact with the melt, 
but exceptions such as found in ductile iron appear 
to exist. While the two phases are interconnected in 
some anomalous eutectics, the minor phase in others 
is completely enveloped by the major phase. 


CONTROL OF GRAIN SIZE 


Since the size of the as-cast grain can exert a marked 
influence on segregation and mechanical properties, 
an effective means of controlling the grain size is of 
considerable importance. It is now possible to refine 
the grain size of aluminum and magnesium casting 
alloys as well as to control the eutectic cell size by 
special treatments. Work with other cast metals is 
presently in progress. 


The refinement of the cast grain size requires that 
solidification start from a large number of locations, 
and that excessive growth of any one grain be avoided. 
This can be achieved in principle with three meth- 
ods under the proper conditions. The success of these 
methods depends on the particular metal involved 
and on the thermal factors. The three methods are: 


1) rapid cooling. 

2) mechanical vibration. 
3) addition of substances for the purpose of inocu- 
lation and restriction in growth rate. 

















Rapid Cooling Rate Effect 

\ rapid rate of cooling will chill a large portion of 
the solidifying casting to a temperature (below T,,) 
where the rate of nucleation is high (Fig. 3). Conse- 
quently, the number of available nucleation centers 
will be high particularly near the mold wall. The 
width to which one grain may grow before contact- 
ing its neighbors will necessarily be small. In pure 
metals, this rapid cooling tends to produce a finer 
though still columnar structure. 

In alloys, however, continued growth of a crystal 
toward the center is not only dependent upon the rate 
at which the heat of fusion is abstracted, but also 
upon the speed at which the diffusion processes in 
the liquid can attenuate the concentration gradient 
at the solid-liquid interface. As the rate of heat ab- 
straction is increased, this concentration gradient in- 
creases rapidly. 

Consequently, the critical degree of supercooling 
for the onset of equiaxed growth may be reached 
within a shorter distance than is the case for slow 
cooling (if it is reached at all). When equiaxed grains 
do form in the center, these are finer during rapid 
solidification because of the increased fineness of the 
preceding columnar zone. 

While columnar grains may be formed by slow cool- 
ing of alloys under some conditions,?! it is also pos- 
sible to obtain these columnar grains during rapid 
cooling of other alloys.22 This latter condition can 
exist because steep thermal gradients prevent the at- 
tainment of the nucleation temperature ahead of the 
solid-liquid interface, despite an appreciable solute 
build up. 


Equiaxed Crystallization 

The factors governing the extent of equ’ xed rela- 
tive to columnar solidification of an alloy have been 
enumerated previously. It has also been found that 
the tendency toward equiaxed crystallization is gov- 
erned in first approximation by the ratio of freezing 
rate to temperature gradient at the solid-liquid inter- 
face, and is a maximum when this ratio reaches its 
peak value. 


CHANGE IN 


Fig. 13 — Pressure changes effect on free 
energy and size of stable nucleus.*® 
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The principal factor determining the magnitude of 
the above ratio is the degree of constitutional super- 
cooling which can be attained. An alloy with a nar- 
row freezing range, therefore, would exhibit a greater 
tendency towards columnar solidification than one 
with a wide freezing range. 


Vibration has also been shown to be an effective 
means of grain refinement, and various mechanisms 
have been offered to explain this phenomenon.%2-43 
It was proposed initially that grain refinement result- 
ed from the fragmentation of the first crystals solidi- 
fied in the melt, thereby increasing the number of 
stable particles which can act as nucleation centers. 
This proposed mechanism, however, fails te explain 
the coarsening of eutectic constituents when vibrated. 


Pressure and Rarefaction Waves 


A recent hypothesis*?-43 stating that the alternate 
pressure and rarefaction waves increase the centers for 
solidification by changing the stability of the phases 
according to le Chatelier’s principle, offers more 
promise. The influence of the pressure wave in reduc- 
ing the critical nucleus size, and thus increasing the 
number of nuclei is shown schematically in Fig. 13 
for a metal that increases its density upon solidifica- 
tion. 


These considerations hold equally well for a metal 
which expands on freezing, except that in this case 
the rarefaction wave serves to reduce the critical nu- 
cleus size, i.e., curves 2 and 3 in Fig. 13 are reversed. 
In order to account for the observed grain refine- 
ment it is necessary, however, that the nuclei formed 
during the pressure (rarefaction) period grow rapid- 
ly enough to remain stable during the rarefaction 
(pressure) period of the vibration, or that a stand- 
ing wave system be established in the melt. 


This latter mechanism is substantiated by the ob- 
servation that metals which exhibit a large change in 
density during solidification can be more grain re- 
fined by vibration than those undergoing a smaller 
density change.43 


In order to obtain grain refinement through vibra- 
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tions, two important conditions must be fulfilled. 
First, the pressure increase must be large enough to 
provide the critical degree of supercooling for effec- 
tive nucleation. Second, the temperature gradient in 
the liquid must be sufficiently shallow so that the nu- 
cleation temperature can be reached in the melt 
ahead of the solid-liquid interface. 


Additions Effect on Grain Refining 


The above two methods of grain refinement have 
the disadvantage of either being applicable to castings 
of limited size or requiring extensive equipment, since 
it is obviously difficult to either chill or vibrate large 
metallic masses. The addition of substances for the 
purpose of grain refinement on the other hand is not 
subject to such limitations. The primary objective of 
this method is again to increase the number of effec- 
tive nucleation centers and thereby produce a smaller 
grain size. 

This purpose is achieved by providing stable nuclei 
and reducing the rate of grain growth while main- 
taining the proper control of thermal conditions. The 
effects of various additions on the as-cast grain size of 
metals and alloys has been widely studied.44-59 These 
additions are best classified according to their pur- 
pose, i.e., whether they furnish stable nuclei (inocula- 
tion) or produce grain growth inhibition. 


Inoculating particles must be solid at the melting 
temperature, and have a similar density as the liquid 
in order to avoid segregation. In addition, a strong ad- 
hesion (compared to cohesion) between the inocu- 
lant and parent solid is desired.46 The important fac- 
tors guaranteeing this strong adhesion are large forces 
acting between the two unlike atoms involved, and a 
minimum strain at the solid metal-particle interface. 


The latter condition is fulfilled if crystallographic 
planes of easy matching are available. The forces be- 
tween the atoms of the parent solid and foreign par- 
ticle on the other hand are primarily determined by 
the electron configuration of the respective atoms. It 
is because of the interference of the chemical proper- 
ties (electron configuration) of the atoms involved 
that particles of similar lattice disregistry with the 
parent solid act differently as inoculants.+® 

Since cases have been reported in which particles of 
considerable lattice disregistry can act as effective nu- 
clei, it is apparently not always necessary that a suit- 
able inoculant have a crystal structure similar to that 
of the solidifying phase, although this has been con- 
sidered a necessary prerequisite for effective inocula- 
tion in the past. Apparently, the importance of the 
crystallographic factor can, in some instances, be over- 
taken by the chemical or electron configurational 
aspects. 60 


Inoculant Formation 


The method used to introduce or form the inocu- 
lant is an important consideration and varies for dif- 
ferent metals. To assure a large number of finely di- 
vided particles with clean and reactive surfaces, it is 
preferable to produce the inoculants by a reaction 






with constituents of the melt. Inoculants that tend w. 
be made ineffecive by reaction with impurities 0) 
segregations should be added to the melt as late as 
possible and at as low a melt temperature as feasibk 
Other inoculants can be superheated and added to an 
time without reducing their grain refining capabilitie: 

The successful introduction of a suitable inoculan: 
alone does not guarantee grain refinement, except i 
alloys which already contain a built-in grain growti 
inhibitor or in cases where the temperature is uniform 
throughout the entire melt. The latter condition se! 
dom if ever prevails in practice; instead, a positiv: 
temperature gradient exists from the mold wall to th« 
center (except at the solid-liquid interface, where th« 
heat of fusion is liberated). 

In order for the nuclei in the melt to become effec 
tive, the nucleation temperature must be reached 
ahead of the solid-liquid interface. Because of the pos 
itive temperature gradient in the liquid this situation 
can only be realized if the liquidus temperature ad 
jacent to the interface can be lowered compared to 
that of the bulk liquid. 

Constitutional supercooling offers a means of 
achieving this decrease in the liquidus temperature, 
provided the concentration buildup at the interface 
and the temperature gradient in the liquid are appro- 
priate as shown for curve D in Fig. 10. 

Those conditions which reduce the length of the 
columnar zone and which were discussed previously 
assure a high degree of effectiveness of the added in- 
oculants. Since grain growth control through alloying 
can be achieved with relatively small amounts of ad- 
ditions, one investigator++ has attributed the restric- 
tion of grain growth by some small additions to copper 
as a “screening” action due to adsorption rather than 
constitutional supercooling. 

It must be appreciated that grain refinement is pos- 
sible through the introduction of suitable nuclei, by 
grain growth inhibition or by both means. Whether 
only one or both types of additions are necessary will 
depend upon whether the unmodified alloy does or 
does not already contain either a suitable inoculant 
or grain growth restricting agent. A shallow thermal 
gradient is also a definite aid to refinement, as dem- 
onstrated on work with aluminum.51 


Peritectic Reaction Effectiveness 


The effectiveness of the peritectic reaction in pro- 
ducing grain refinement has been recognized by a 
number of researchers.*®-51 In this reaction, the first 
crystals rejected from the melt are frequently rich in 
solute metal and provide effective nuclei for the suc- 
ceeding low temperature phase. The latter phase is 
formed by interaction of the remaining liquid (usual- 
ly the predominating constituent) and the primary 
crystals. 

This reaction is diffusion controlled, slow and 
therefore acts as a grain growth inhibitor. In this 
manner the formation of a low concentration peritec- 
tic with the parent metal constitutes a separate method 
of grain refinement, since it provides both stable nu- 
clei and grain growth inhibition. For aluminum it has 




















b-cn found that a peritectic system4® generally leads 
to grain refinement, while elements that formed a 
ev tectic system with aluminum do not grain refine. 

However, the observation that grain refinement in 
peritectic systems is dependent upon overheating is 
nvt compatible with the interpretation that the peri- 
tectic reaction itself is the important factor. For this 
reason objections to the above interpretation have 
been raised.46.47.54 The difference of opinions which 
still persists on this matter must primarily be at- 
tributed to the difficulty of identifying the grain re- 
fining agents. 

However, irrespective of which interpretation is cor- 
rect the fact remains that alloying additions which 
form a peritectic with the parent metal at low con- 
centrations can be successful in effectively refining 
certain metals. 


Eutectic Grain Size Control 


The control of grain or cell size in eutectics has 
also been investigated. Such additions as graphite, 
ferrosilicon containing aluminum and calcium, cal- 
cium-silicon, sulfur, calcium metal, calcium carbide 
and others®1-64 have been shown to reduce under- 
cooling and refine the cell size of the austenite-graph- 
ite eutectic. This effect has been principally attrib- 
uted to providing effective foreign nuclei for the 
solidification of the graphite phase in this anomalous 
eutectic. 

This is substantiated by the fact that the above in- 
oculants are most effective in the hypoeutectic irons 
and exert little influence on the solidification of the 
eutectic and hypereutectic types. The finer austenite- 
graphite eutectic cell and somewhat coarser graphite 
or secondary phase structure (which accompanies the 
slower solidification of this cell) generally improves 
mechanical properties although it may present other 
problems. 


In contrast, better mechanical properties and 
longer feeding distances result with the aluminum— 
12 per cent silicon eutectic, if this anomalous eutectic 
solidifies from an uninoculated melt. In this condi- 
tion, the formation of the eutectic structure is char- 
acterized by considerable undercooling, large cell size 
and a fine dispersion of the secondary silicon phase 
in the aluminum-rich primary phase. 

This structure is attained by actual.removal or poi- 
soning of the potential effective nuclei for eutectic 
solidification. Such poisoning is accomplished by the 
addition of sodium metal or mixtures of sodium and 
potassium halide salts to the molten alloy prior to 
casting. 65 


SUMMARY 


The solidification of molten metals is a phase 
change that occurs by a process of nucleation of stable 
crystal particles in the melt and the growth of these 
particles at the expense of the remaining liquid 
metal. Nearly every solidification starts at various 
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preferred sites within the liquid at various degrees of 
undercooling below the melting or liquidus temper- 
ature. The rate of growth of these small crystals de- 
pends on the amount of undercooling before initia- 
tion of nucleation, the rate of heat removal from the 
remaining liquid and on the presence or absence of 
any barriers to rapid growth. 

The basic principles of solidification apply equally 
well to pure metals, single-phase solid solutions and 
eutectics. Pure metals present a condition of least 
interference to growth of existing stable nuclei, and 
therefore usually exhibit a columnar structure to the 
center of the casting. Solid solutions frequently have 
an equiaxed zone, particularly in the more slowly so- 
lidified central portions. 

The tendency toward equiaxed solidification is in- 
creased by a large freezing range (more mushy solid- 
ification) and large compositional variations between 
the liquid and solid phases to produce constitutional 
supercooling. Eutectics have a two-phase structure and 
occur in two varieties: the normal type in which 
one phase can serve as nuclei for the other phase re- 
sulting in a fixed orientation relationship between the 
two phases; and the anomalous type where independ- 
ent nucleation of each phase is necessary and no 
regular orientation exists. 


Since the as-cast grain size exerts a considerable in- 
fluence on the properties of cast alloys, the control of 
this size and distribution is of commercial signifi- 
cance. The refinement of this grain size can be ac- 
complished by rapid cooling, mechanical vibration or 
the introduction of foreign substances or special alloy- 
ing additions to the melt. The selection of suitable ad- 
ditions to the melt depends on the mechanism of the 
refinement. 


Materials added to become effective foreign nuclei 
or inoculants should have an appreciably higher melt- 
ing point than the liquid metal, a similar density. and 
permit nucleation with a minimum contact angle be- 
tween the solid metal and inoculant. Additions in- 
tended to restrict grain growth should readily dissolve 
in the melt and provide a maximum solute concen- 
tration in the liquid melt immediately ahead of the 
liquid-solid interface. 

The reduction of the thermal gradient in the liquid 
is desirable in either case because it assists in the nu- 
cleation of new grains within the melt proper. Peritec- 
tic reactions have been shown to provide effective 
grain refinement under appropriate conditions. If 
grain coarsening or undercooling is desirable poison- 
ers can be added to the melt to remove effective for- 
eign nuclei, as was accomplished in the aluminum- 
12 per cent silicon alloy. 


REFERENCES 


1. G. Tammann, State of Aggregations, D. van Nostrand Co., 
New York (1925). 

2. C. S. Barrett, Structure of Metals, McGraw-Hill Book Co., 
Inc. New York, p. 261 (1952). 

3. L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, 
McGraw-Hill Book Co., Inc., New York p. 110 (1953). 

4. B. R. T. Frost, “The Structure of Liquid Metals,” from Prog- 
ress in Metal Physics, vol. 5, Interscience Publishers Inc., 
New York, p. 96 (1954). 






156 


§. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 
28. 


29. 


30. 


31. 


$2. 


$5. 


$4. 


35. 


G. H. Vineyard, “The Theory and Structure of Liquids,” 
from: Liquid Metals and Solidification, AS.M., Cleveland, 
Ohio, p. 1, (1958). 


. Zeitschrift fiir Metallkund, vol. 50 (July 1959). 
. F. Zernicke and J. A. Prins, “The Bending of X-rays in 


Liquids as an Effect of Molecular Arrangement,” Zeitschrift 
fiir Physik, vol. 41, p. 184 (1927). 


. I. N. Bogachev, “Crystallization of Liquid Phase,” Brutcher 


Translation No. 3081 from “Phase Transformation in Low- 
Carbon Alloys” by I. N. Bogachev and A. A. Popov, Mashgiz, 
p. 4 (1950). 


. F. C. Frank “Supercooling of Liquids,” Proceedings of the 


Royal Society, vol. 215 A, p. 43 (1952). 


. A. H. Cottrell, Theoretical Structural Metallurgy, Edward 


Arnold Ltd., London, p. 38 (1957). 


. M. Volmer and A. Weber “Nucleus Formation in Super- 


saturated Systems,” Zeitschrift fiir Physikalische Chemie, 
vol. 119, p. 277 (1925). 


. R. Becker and W. Dorig, “The Kinetic Treatment of Nuclear 


Formation in Supersaturated Vapors,” Annalen der Physik, 
vol, 5, 24, p. 719 (1935). 


. J. H. Hollomon and D. Turnbull, “The Nucleation of the 


Solid,” from: The Solidification of Metals and Alloys, 
A.I.M.E., New York, p. 1 (1951). 


. R. F. Mehl, “The Growth of Metal Crystals,” ibid., p. 24. 
. U. M. Martius, 


“Solidification of Metals,” from: Progress 
in Metal Physics, vol. 5, Interscience Publishers Inc., New 
York, p. 279 (1954). 


. W. A. Tiller, “Grain Size Control During Ingot Solidifica- 


tion,” Journal of Metals, vol. 11, No. 8, p. 512 (Aug. 1959). 


. B. Chalmers, “Melting and Freezing,” Journal of Metals, vol. 


6, No. 5, p. 519 (May 1954). 


. G. Borelius, “Crystallization of Supercooled Liquid Se- 


lenium,” Arkiv fdr Fysik, vol. 1, p. 305 (1947). 


. I. N. Stranski, “Forms of Equilibrium of Crystals,” Discus- 


sions of the Faraday Society, vol. 5, p. 13 (1949). 

F. C. Frank, “The Influence of Dislocations on Crystal 
Growth,” Discussions of the Faraday Society, vol. 5, p. 48 
(1949). - 

F. Weinberg and B. Chalmers, “Further Observations on 
Dendritic Growth in Metals,” Canadian Journal of Physics, 
vol. 30, p. 488 (1952). 

R. W. Ruddle, “The Solidification of Castings,” Monograph 
No. 7, The Institute of Metals, London (1957). 

H. F. Bishop, F. A. Brandt and W. S. Pellini, “Solidification 
of Steel Against Sand and Chill Walls,” AFS TRANSACTIONS, 
vol. 59, p. 435 (1951). 

W. A. Tiller, “Solute Segregation During Ingot Solidifica- 
tion,” Journal of the Iron and Steel Institute, vol. 192, p. 
$38 (Aug. 1959). 

G. W. Pfann, “Redistribution of Solute During Freezing,” 
from: Liquid Metals and Solidification, A.S.M., Cleveland, 
Ohio, p. 218 (1958). 

J. L. Walker, “Structure of Ingots and Castings,” ibid. p. 
319. 

W. A. Tiller, “Polyphase Solidification,” ibid., p. 276. 

E. Scheil, “On Eutectic Solidification,” Kaiser Wilhelm 
institut fiir Metallforschung, vol. 1, No. 1/2, p. 1. 

E. Scheil, “On Eutectic Solidification,” Zeitschrift fiir Metall- 
kunde, vol. 45, No. 5, p. 298 (1954). 

E. C. Ellwood and K. G. Bagley, “The Structure of Eutec- 
tics,” Journal of the Institute of Metals, vol. 76, p. 631 (1949- 
1950). 

W. C. Winegard and B. Chalmers, “Supercooling and Den- 
dritic Freezing in Alloys,” A.S.M. Transactions, vol. 46, p. 
1214 (1954). 

D. Turnbull, “Principles of Solidification,” from: Thermo- 
dynamics in Physical Metallurgy, A.S.M., Cleveland, Ohio, 
p. 282 (1950). 

P. D. Southgate, “Action of Vibration on Solidifying Alumi- 
num Alloys,” Journal of Metals, vol 9, p. 514 (1957). 

J. B. Jones, “Ultrasonics Applied to Solidification and Solid 
State Transformation,” Af Tech. Report, No. 6675, W-A.D.C. 
(1951). 

W. Rostoker and M. J. Berger, “Effects of Vibration During 
Solidification of Castings,” Foundry, vol. 81, p. 100 (July 
1953). 


. R. S. Richards and W. Rostoker, “The Influence of Vibra- 


tion on the Solidification of an Aluminum Alloy,” A.S.M. 


Transactions, vol. 48, p. 884 (1956). 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


47. 
48. 


49. 


50. 


Sl. 


52. 


58. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 





Y. B. Gurevich et al., “Effect of Ultrasound on Structure an. 
Properties of Steel Ingots,” Stal, vol. 17, p. 406 (1957). 

N. P. Nicholaichik and E. N. Nicholaichik, “Quality of Ste 
Ingots Improved by Ultrasound Treatment,” Stal, vol. /: 
p- 322 (1957). 

V. V. Zaboleev and G. I. Pogodin-Alekseev, “Effect of Ultr 
sonic Vibrations on the Structures of Eutectic Alloys 
Metalovedenie: Ob. Met., p. 2 (Jan. 1958). 
G. Schmid and A. Roll, “The Effect of Intense Sound Wav: 
on Metallic Melts,” Z. Electro-chemie, vol. 45, p. 796 (1939 
G. Schmid and A. Roll, “Ultrasonics — Their Effect < 
Molten Zinc,” Metal Industry, vol. 60, No. 15, p. 252 (Apr: 
10, 1942). 

A. H. Freedman and J. F. Wallace, “The Influence of Vibra 
tion on Solidifying Melts,” AFS Transactions, vol. 65, p 
578 (1957). 

R. G. Garlick and J. F. Wallace, “Grain Refinement of Solidi 
fying Metals by Vibration,” AFS TRANSACTIONS, vol. 67, ; 
366 (1959). 
L. Northcott, “The Influence of Alloying Elements on th: 
Crystallization of Copper. Part I — Small Additions and th: 
Effect of Atomic Structure,” Journal of the Institute « 
Metals, vol. 62, No. 1, p. 101 (1938). 

M. D. Eborall, “Grain Refinement of Aluminum and It: 
Alloys by Small Additions of Other Elements,” Journal o; 
the Institute of Metals, vol. 76, p. 295 (1949-1950). 


. A. Cibula, “The Mechanism of Grain Refinement of Sand 


Castings in Aluminum Alloys,” ibid., p. 321. 

E. Scheil, “Inoculation and Inoculants in Metal 
Giesserei, vol. 43, No. 2, p. 33 (Jan. 19, 1956). 

E. Dittrich, “The Practice of Grain Refinement of Aluminum 
and Aluminum Alloys,” Neue Hiitte, vol. 3, p. 93 (1958). 

C. H. Mahoney, A. L. Tarr and P. E. LeGrand, “A Study of 
Fracture Influencing Grain Size in Magnesium Alloys and a 
Carbon Inoculation Method for Grain Refinement,” A.1.M.E. 
Transactions, vol. 161, p. 328 (1945). 

G. Swinyard, “Grain Refinement of Non-Ferrous Castings,” 
Foundry Trade Journal, vol. 92, p. 647 (June 19, 1952). 

F. Lihl and J. Sagoschen, “Effect of Melting Practice and 
Additions on the As-Cast Structure of Aluminum.” Metall, 
vol. 11, p. 179 (March 1957). 

A. Cibula, “Grain Refinement and Its Effect in Non-Ferrous 
Casting Alloys,” Foundry Trade Journal, vol. 93, p. 695 
(1952). 

R. Mitsche, “A Study of the Problem of Nucleation in 
Foundry Practice,” Radex Rundschau, p. 548 (1955). 

H. Bernstein, “Many Mechanisms at Work Producing Grain- 
Refinement in Light Alloys,” Journal of Metals, vol. 4, p. 
926 (1952). 

H. Bernstein, “Investigation of the Grain Coarsening Be- 
havior of Some Aluminum Alloys,” Journal of Metals, vol. 6, 
p. 603 (1954). 

L. H. Fawcett, V. DePierre, and H. Bernstein, “Grain Re- 
finement in Aluminum-Silicon (5% Si) and Aluminum Sili- 
con-Magnesium (7% Si, 0.3% Mg) Casting Alloys,” U.S. Naval 
Gun Factory, T.R. No. NGF-T-19-50 (May 1950). 

J. A. Reynolds and C. R. Tottle, “The Nucleation of Cast 
Metals on the Mould Face,” Journal of the Institute of 
Metals, vol. 80. p. 93 (1951-1952). 

W. Thiiry, “Contribution to the Grain Refinement of Alumi- 
num,” Zeitschrift fiir Metallkunde, vol. 46, p. 488 (1955). 
D. J. Carney and B. P. Queneau, “Solidification of Stain- 
less Steel Ingots,” from: The Physical Chemistry of Steel- 
making, p. 209, John Wiley & Sons, Inc., New York (1958). 
F. J. Bradshaw, M. E. Gasper and S. Pearson, “The Super- 
cooling of Gold as Affected by Some Catalysts,” Journal of 
the Institute of Metals, vol. 4, Part 13, p. 15 (Sept. 1958). 

N. C. McClure, A. H. Khan, D. D. McGrady, and H. L. 
Womochel, “Inoculation of Gray Cast Iron,” AFS TRANs- 
ACTIONS, vol. 65, p. 340 (1957). 

A. Boyles, “The Structure of Cast Iron,” A.S.M., Cleveland, 
Ohio (1947). 

W. R. Lysobey and A. E. Tull, “Foundry Applications of the 
Calcium Carbide Injection Process,” AFS TRANSACTIONS, vol. 
66, p. 327 (1958). 

J. U. Dawson, “The Effect of Aluminum on the Inoculating 
Power of Ferro-Silicon and Its Tendency to Give Pinholing,” 
B.C.1.R.A., Journal of Res. & Dev., vol. 7, No. 4, p. 157 (Feb. 
1958). 

R. H. Dyke, “Modification of Al-Si Alloys,” AFS TRans- 
ACTIONS, vol. 59, p. 28 (1951). 


Melts,’ 











ABSTRACT 

Contained herein is an up-to-date and extensive re- 
view of all the available literature on the subject of 
solidification of steel castings. The presentation begins 
with a discussion of the mode of solidification as related 
to the iron-carbon phase diagram and the start and 
end of freeze waves, and leads into the effects of such 
factors as mold materials, chills, gravity and convec- 
tion, etc. A discussion of the solidification times for 
steel castings of various shapes follows. 


INTRODUCTION 


Extensive information is now available in the lit- 
erature on the mode of the solidification of steel 
castings. However, this information is not being used 
to its greatest advantage, primarily because it is dis- 
persed throughout the literature under various sub- 
jects, such as risering, chilling, shrinkage, etc. 

This presentation is an attempt to collect and col- 
late all the available literature on the solidification 
of steel castings. Unique aspects and characteristics of 
steel solidification are discussed, followed by com- 
ments concerning the factors affecting the solidifica- 
tion process and solidification times of steel castings. 
No direct mention is made of such related subjects as 
risering or gating of steel castings, or solidification of 
steel in ingot form. 


Crystal Formation and Growth 

The formation and growth of crystals are deter- 
mined by the temperature distribution in the solidi- 
fying casting. The temperature distribution in the 
mold and the casting after a given time is illustrated 
in Fig. 1. This illustration shows that if molten metal 
is poured against a flat mold face heat will flow into 
the mold, and a solid layer of metal will be deposited 
at the mold-metal interface. 

The thickness of this layer will increase with time 
as heat continues to flow outward. The temperature 
of the boundary between liquid and solid metal is, of 
course, the freezing point of the metal, and heat of 
solidification is liberated at this boundary. The rate at 
which the boundary moves is determined by how rap- 
idly the heat of fusion is removed. 

The first stage in the solidification of a casting is 
the formation of a thin chill layer, owing to the low 
temperature of the mold. The chill layer usually pos- 
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sesses a finely grained structure caused by the rapid 
cooling and large number of nuclei which form. The 
chill layer, however, may entirely or partially dis- 
appear when hot steel is used or when the mold is 
heated, reducing the chilling action of the mold. 
Dendrites start to grow from the inner boundary of the 
chill layer toward the thermal center of the mold. 

The resultant crystals will necessarily be elongated 
or columnar under usual conditions, for dendritic 
growth is preferential in the direction of the temper- 
ature gradient. Their direction thus indicates the di- 
rection in which a casting solidifies. As the growing 
columnar crystals approach the interior of the cast- 
ing, the thermal gradient is diminished by the dis- 
sipation of superheat. This enables other crystals to 
nucleate at random rather than having continued 
growth take place at the tips of the columnar grains. 
This process is illustrated schematically in Fig. 2. 


Freezing Temperature Range 

Commercial metals, in general, do not freeze at a 
definite, fixed melting point. Rather, they freeze over 
a range of temperatures which can be predicted from 
the phase diagram for the particular metal. Figure 3 
illustrates schematically the relationship between the 
iron-carbon phase diagram and the mode of solidifica- 
tion of a 0.30 per cent carbon steel casting. 

This diagram shows that because of thermal gradi- 
ents which are active in the solidification of a cast- 
ing from a mold wall there may exist: 


1) A completely solid zone. 

2) A zone consisting of solid dendrites with liquid 
metal at the dendrite interstices. 

3) A completely liquid zone. 
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At least two and often three of these zones exist 
concurrently during the wall growth of a casting, de- 
pending upon the type of metal, the mold material 
and stage of solidification. 


Wall growth may be visualized as occurring by the 
travel of two waves, the “start of freeze’ and “end of 
freeze” waves, from the mold-metal interface to the 
casting center line. The start of freeze wave travels 
with the tips of the growing dendrites into free liq- 
uid and indicates the beginning of solidification. The 
end of freeze wave travels with the base of the growing 
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Fig. 3— Diagram showing the relationship between 
the iron-carbon phase diagram and mode of solidifica- 
tion of a 0.30 per cent carbon steel casting. 
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dendrites where the last remaining liquid solidifies. 
The space separation between the two waves consists 
of intermixed liquid and solid metal and is the zone 
where actual solidification occurs. 


The rates of travel of the start and end of freeze 
waves and their space separation within the casting 
vary with the mold materials and the type of metal 
undergoing solidification. Basically, these variations 
arise from the difference in thermal properties of 
both the mold and solidifying metal which govern the 
manner and rate of heat transfer. A typical start and 
end of freeze wave diagram is shown in Fig. 4. This 
illustrates the mode of solidification of a 0.25 to 0.30 
per cent carbon steel in green sand and chill molds. 


CHARACTERISTICS OF STEEL 
SOLIDIFICATION 


Volume Changes During Solidification 


The most obvious characteristic of the solidification 
process is the contraction or change in volume of 
the solidifying steel. This decrease in volume is an 
inherent characteristic of many solidifying metals. 
The total contraction of a steel casting is the sum 
of three stages: 


1) Liquid contraction. 
2) Solidification contraction. 
3) Solid contraction. 


Figure 5 is a typical cooling curve for a carbon steel 
cooling from 1750C (3182F) to room temperature. 


Total contraction has been found to increase with 
an increase in carbon content. What appears to be 
the most authoritative work on the subject? shows the 
change in specific volume of a 0.35 per cent carbon 
steel, expressed in terms of volume contraction at 
room temperature, to be 1.6 per cent per 100C or 

















0.89 per cent per 100 F. This value is slightly dimin- 
ished by an increase of chromium and aluminum and 
increased by greater amounts of carbon, silicon, man- 
ganese and phosphorus. 

However, for the usual cast carbon steels and low- 
alloy cast steels, the liquid contraction may be con- 
sidered to be about 1.50 to 1.75 per cent of its vol- 
ume at room temperature per 100C. This value is 
shown in Fig. 5 in conjunction with solidification 
contraction and solid contraction. 


Steel also contracts upon solidifying, i.e., as it 
passes through the two-phase (liquid plus solid re- 
gion) and finally becomes completely solid. The 
various volume contraction figures which are avail- 
able show an average of 0.0039 cc/gram for a 0.35 
per cent carbon steel, which is equivalent to 2.85 per 
cent of the specific volume of the solid steel at the 
freezing point —or 3.05 per cent of the specific volume 
at room temperature. 


There are no accurate measurements available of 
the effect on the solidifying contraction of such dif- 
ferences as may be encountered in the carbon and al- 
loy contents in steels. However, it is believed that there 
would be but little change in the value with in- 
creasing carbon content since the specific volume of 
both liquid steel and solid steel increases as the car- 
bon content is increased. Experimental evidence 
tends to show that pure iron exhibits a solidifying 
contraction of about 2.2 per cent. This value increased 
to approximately 4 per cent for that of a 1.00 per 
cent carbon steel. 


Equilibrium Phase Diagram 


The iron-carbon phase diagram showing the liq- 
uidus and solidus curves is presented in Fig. 6. It 
is noted that increased carbon content tends to lower 
both the solidus and liquidus and enlarge the freez- 
ing range. Slightly below and roughly paralleling 
these curves appear the liquidus and solidus curves 
which were obtained by a study of the melting and 
freezing temperatures of steel for commercial steel 
castings. In general, the curves for the commercial 
steel are situated about 20 to 25F below those of 
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Fig. 4— Start and end of freeze wave diagram for a 
0.25 -0.30 per cent carbon steel cast in a green’ sand 
and chill mold. Casting cross-section 7 in. Pouring 
temperature 2800 F. Sand thickness 7 in. Mold chill 
thickness 7 ¥-in. (Bishop and Pellini)! 
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Fig. 5 — Volume change recorded on cooling of a 0.35 
per cent carbon cast steel. (Briggs and Gezelius)? 


the iron-carbon system. However, the peritectic trans- 
formation occurring at 2718 F (1492.4C) does not 
appear to be altered in commercial cast steels. 

A study of the melting and freezing points of a 
number of commercial steels led to the conclusion 
that the liquidus and solidus curves of commercial 
carbon steels conform with the iron-carbon diagram 
with respect to carbon content and temperature, pro- 
vided that the manganese content is below 0.45 per 
cent and the silicon below 0.35 per cent. However, 
if manganese and silicon contents are raised, the liq- 
uidus and solidus temperatures are lowered. The 
dotted lines on the phase diagram of Fig. 6 hold in 
general for steel castings of nickel and chromium 
content up to one per cent. 


The diagram of Fig. 6 can be used to predict the 
freezing history of a steel cooled under equilibrium 
conditions. A 0.30 per cent carbon commercial steel, 
for example, begins to freeze at 2740 F (1504.4 C) with 
the formation of delta iron in the melt. At 2718 F 
(1492.4 C) the steel will traverse the peritectic trans- 
formation and austenite will proceed to form direct- 
ly from the melt. When the temperature drops to 
2650 F (1454.4 C), the solidus is reached and freez- 
ing is complete. 
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Fig. 6 — The iron-carbon phase diagram. 
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Fig. 7 — Effect of carbon content on the start and end of 
freeze waves in sand and chill molds. (Bishop and Pellini)! 





Temperature Level and Temperature 
Range of Solidification 

The equilibrium diagram of Fig. 6 reveals a factor 
which has a significant influence on the mode of 
solidification of steel, specifically, the temperature 
level at which solidification occurs. Temperature gra- 
dients which are established between the solidifying 
metal and the mold wall are a function of the differ- 
ence between the temperature of the metal and the 
temperature of the mold. The high solidification 
temperature of steel means a large temperature dif- 
ference and thus steep thermal gradients which result 
in a high degree of progressive solidification. 

The temperature range over which a metal solidi- 
fies, that is, in which liquid and solid phases coexist, 
is also an important factor in determining the mode 
of solidification. Steels containing 0.08, 0.25 and 0.60 
per cent carbon have been determined to solidify 
over a temperature range of 40, 75 and 125F, (4.4, 
23.9 and 51.7 C) respectively. 

Given the same properties of the metal and the 
mold (and thus essentially the same temperature 
gradients) the steel with the narrowest solidification 
range will exhibit the highest degree of progressive 
solidification, since the gradients intercept the liqui- 
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Fig. 8 — Thermal gradients in steel castings 
and in the mold; (A) 2%4-in. thick chill used, 
(B) green sand —pno chill. (Bishop and Pel- 


dus and solidus temperatures at more closely spaced 
locations. Thus, one would expect solidification to be 
highly progressive in a low carbon steel and much less 
progressive in medium and high carbon steels. This 
is indeed the case, as may be seen in Fig. 7. However, 
in all instances, the solidification is much more pro- 
gressive than in non-ferrous metals. 


Thermal Conductivity of Mold and 
Solidifying Metal 

The mode of solidification of a metal is a function 
of the thermal gradients established during freezing, 
therefore, the thermal properties of both mold and 
metal solidifying must be considered as important 
factors in the determination of the nature of steel 
solidification. A mold made of a material having a 
high thermal conductivity and a high heat capacity, 
such as a chill mold, will absorb heat quickly and over 
an extended period of time. 


A high conductivity also results in a rapid flow of 
heat away from the mold-metal interface, which causes 
the interface of the solidifying metal and the mold 
to be maintained at relatively low temperatures. The 
low interface temperature means that steep thermal 
gradients will be established (Fig. 8a), and concomi- 


POURING TEMP + 29.0°F 
GREEN SAND 
SAND THICKNESS = 44 
STEEL ANALYSIS 

c 26 


tan 6C 
s «6 


TEMPERATURE — °F 


08888888 88 €8 § 8 EE 





DISTANCE FROM INTERFACE - 
INCHES 








tantly solidification will be of a highly progressive 
na:ure. 

Che mode of solidification of metal in a sand mold 
will be quite different from that in a chill mold, due 
to the low thermal conductivity and low heat capac- 
ity Sand, a good insulator, is able to absorb little 
heat and is also unable to conduct heat away from 
the mold-metal interface at any appreciable rate. 
For this reason, the temperature of the sand at the 
casting interface approaches rapidly the temperature 
of the solidifying metal (Fig. 8b) and only mild 
temperature gradients are established in the metal. 
Thus, metal poured into a sand mold will solidify 
in a much less progressive manner than in a chill 
mold. 

The thermal conductivity of the freezing metal also 
exerts an appreciable effect on the thermal gradients 
established during solidification. A metal having a 
high conductivity will allow heat to be carried from 
the center of the solidifying section to the mold-metal 
interface rapidly. Thus, heat removed by the mold 
from the casting surface will quickly be replaced by 
heat from the interior, and only mild gradients can 
exist within the freezing metal causing poorly pro- 
gressive solidification. 

Heat flow within a solidifying metal having a low 
thermal conductivity is sluggish, thus allowing steep 
gradients to be formed and maintained, and solidifi- 
cation will be of a more progressive nature. Steel is a 
metal having a relatively low thermal conductivity, 
and this is one of the factors that aid in producing 
progressive solidification in the carbon grades having 
a wide temperature range of solidification. It should 
be pointed out that the effect of metal conductivity 
is minimized in a sand mold due to the low thermal 
conductivity of the sand. 


FACTORS AFFECTING THE 
SOLIDIFICATION OF STEEL 


Mold Material Effect 


The mold material affects the mode of solidification 
of a steel casting primarily by its ability to extract 
heat. The greater the heat extracting ability of the 
mold material, the greater will be the advance of the 
start and end of freeze waves through the casting. A 
knowledge of the heat extracting ability of a molding 
material is essential to the practical foundryman inter- 
ested in applying controlled directional solidification 
to produce castings free from internal cavities. A com- 
mon application of this knowledge is in the use of 
metal chills to increase the rate of solidification at a 
point distant from a riser, or the use of insulating 
sleeves around a riser to decrease the rate of 
solidification. 

The author’s company®:® has investigated the chill- 
ing ability of various molding materials with the aim 
of finding materials which might be used as moldable 
chills or insulators. Cooling curves for the various 
materials tested are shown in -Figs. 9a and 9b. A 
graphical comparison of the chilling ability of the 
various molding materials corrected to a standard 
pouring temperature of 2870 F (1576.7 C) is presented 
in Fig. 10. 
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Fig. 9 — Cooling curves at the center of a 6-in. sphere 
produced in various molds. (Locke, Briggs, and Ashbrook)® 


Metal Chills Effect 

The preceding discussion has shown that the most 
effective means of extracting heat from a solidifying 
casting is through the use of a metal chill. Previous 
curves (Fig. 7) have shown the effect of a chill mold 
in the progression of start and end of freeze waves 
from the walls of a 7-in. block-type casting. It was 
shown that a steel casting in a metal mold would 
complete its solidification in 20 to 25 per cent of the 
time required for the same casting in a sand mold. 

Figure 11 shows the advance of the end of freeze 
waves in 2-in. thick plates and 4-in. thick bars in both 
the end-chilled and unchilled conditions. The bars 
were 4 x 4 in., and the plates had a width equal to 
5 times their thickness. The chill is seen to have a 
great effect upon the end of freeze wave, especially 
during the early stages of solidification. In addition to 
aiding directional solidification, several investiga- 
tions®-9.10 have shown the use of external chills to be 
highly beneficial to mechanical properties. 

Chill thickness was found to have only a slight 
effect upon the solidification process as may be seen 
in Fig. 12. This figure shows that little is to be gained 
by going to larger chills. Studies on the thickness 
of chills to be employed show that chills are fully 
effective for a bar when the chill thickness is equal 
to half the thickness of the casting (14T) and that 1T 
chills are similarly adequate for plates. 
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Fig. 10 — Effect of various molding materials on so- 
lidification time of 6-in. spheres. 


Chills of larger thicknesses are overadequate. They 
absorb added heat from the interface regions, but this 
added heat is primarily specific heat from the solid 
metal rather than heat of fusion. For this same 
reason, high-conductivity copper and water-cooled 
chills do not cause a measurable improvement in 
casting soundness over that attainable with steel or 
cast iron chills. 


Gravity and Convection Effect 

Gravity and convection effects on the solidification 
of steel have been given little consideration in the 
American literature. The British, however, have 
investigated these effects, and a summary of their 
results!2-13,14,15 jis presented. 

Gravity and convection have their greatest effect 
upon the macrostructure of the casting. This effect 
has been explained in terms of the “falling crystallite” 
theory. In essence, this theory states that minute em- 
bryos or crystallites form in the melt as the melt 
reaches the liquidus temperature, and, if conditions 
are right, these crystallites will fall to the lower por- 
tions of the casting. 

Three types of crystals are recognized: 


1) columnar, which are the long thin grains. 

2) equiaxial, which are grains that are not elongated 
in any single direction, yet show evidence of inter- 
nal dendritic formation. 


3) nuclear, which are small units which have deve) 
oped by growth from a large number of nuclei 
and which do not show internal dendritic forma 
tion as may be evident in the larger equiaxia! 
crystals. 


Several interrelated factors come into play in dete: 
mining the extent of the effect of gravity and co: 
vection upon the mode of solidification. Among these 
factors are superheat, chilling effect of the mol 
material, riser size and thermal gradients in th 
casting. 


Macrostructure Differences 


The difference in the macrostructures of the two 
bar castings shown in Fig. 13 were explained13 in 
terms of the falling crystallite theory. These two 
castings were poured in the same mold from a com- 
mon downsprue and bottom gate. They both had 
exothermic sleeves around the 6-in. riser. The only 
difference was that 6b also had extothermic powde: 
sprinkled on the riser surface in order to increase the 
riser life. Quite a difference is shown in the two 


macrostructures. 
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Fig. 11 — Progression of the end of freeze wave from 
the extremities of chilled and unchilled plates (left) 
and bars (right). (Myskowski, Bishop and Pellini)? 
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Fig. 12 — The effect of chill thickness in the progres- 
sive solidification of a 7x 7-in. section steel casting. 
Pouring temperature 2800 F; carbon content 0.60 per 
cent; cast iron chill. (Bishop, Brandt and Pellini)!! 
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Casting a was found to have nuclear crystals to a 
much greater depth than casting b. Theoretically, 
solid nuclei form more readily at the top of cast- 
ing a than casting b. In each case, these nuclei, be- 
ing more dense than the surrounding liquid, begin 
to fall towards the bottom of the casting. Aided 
by a greater thermal gradient (hence greater con- 
vection currents in the liquid) between the top and 
the bottom of casting a, the nuclei are able to fall 
more readily and to a greater depth, as shown. The 
difference in the macrostructures of the castings 
shown in Fig. 14 was explained in the same manner. 

These bar castings are similar to those of Fig. 13, 
except for the larger risers. These also were poured 
in the same mold from a common downsprue. The 
only difference is that the riser of casting b was 
heavily chilled by the insertion of five iron bars. 
Again more nuclear crystals found their way to the 
bottom of the casting which had the greater thermal 
gradient and hence the greater convection currents 
between the top and bottom. 

Figure 15 shows the results of another investiga- 
tion.12 The only difference between the castings of 
Fig. 15a and 15b was that 15b had a larger riser and 
one lb of exothermic material was sprinkled on 
top. A great difference is seen in the macrostructures. 
Casting a, with the greater thermal gradients between 
the top and bottom is seen to be almost wholly 
composed of nuclear crystals, while casting 6 is com- 
posed only of equiaxial and columnar grains. 

This same investigation showed that in a casting 
containing both nuclear and equiaxial or columnar 
grains, the portions of the casting containing the 
nuclear grains were purer chemically (i.e., contained 
less alloying elements) and possessed better tensile 
properties. 


Gravity and Convection Effect 


There appears to be some practical aspects relative 
to the effect of gravity and convection currents. The 


Fig. 13 — Schematic diagram showing 
macrostructures of two bar castings 
poured in the same mold from a com- 
mon runner. 0.35 per cent carbon steel; 
dry sand mold. (Gray)!% 


Fig. 14 — Schematic diagram showing 
macrostructures of two bar castings 
poured in the same mold from a com- 
mon runner. 0.35 per cent carbon steel; 
dry sand mold. (Gray)! 
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investigations described above show that gravity and 
convection effects play a part in producing a finer 
grained structure in the casting. It was shown that in 
order to induce these effects, it is necessary to have 
more rapid cooling at the topmost portions of the 
casting in order that crystallites might form early- 
and then fall into the liquid below. 

This, however, is not in accord with the principles 
of directional solidification, which must be observed 
if sound castings are to be produced. Considerable 
success has recently been met in efforts to change the 
mode of crystal formation of cast steel by the use of 
an inoculant, i.e., a substance which, when added to 
the molten steel, will induce the formation of a large 
number of solid nuclei. This opens the possibility of 
using gravity and convection effects in conjunction 
with an inoculant to produce a small crystal structure 
throughout the casting. The inoculant would neces- 
sarily be iron alloy powder or alloy carbide powder. 


Solidification in a Flowing Stream 


Pouring time is usually relatively short in com- 
parison with freezing time, and often pouring is 
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Fig. 15 — Sche- 
matic diagram 
showing macro- 
structures of two 
bar castings. Pour- 
ing temperature 
2833 F; 0.40 per 
cent carbon steel. 
(Samways)!2 
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FLOW OF MOLTEN METAL 


Fig. 16 — Sche- 
matic diagram 
showing the grain 
structure in a flow- 
ing stream. 
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complete before solidification begins. In such cases 
casting solidification generally progresses into a non- 
flowing pool of liquid metal. However, in some cases 
such as thin-sectioned castings, solidification begins 
before the mold cavity is completely filled. 

Figure 16 illustrates schematically the nature of the 
structure obtained as steel solidifies in a flowing 
stream. It is of interest to note that the columnar 
crystals point “upstream,” i.e., into the oncoming 
liquid. This angle of tilt is related1® to the flow 
velocity of the liquid, a greater angle of tilt being 








associated with a greater flow velocity. In additio: 
the flowing stream promotes the growth of columns 
crystals in preference to equiaxial grains. 

An investigation of the mode of solidification in 
thin section has been made.17 The standard fluidi 
spiral was the section studied. Figure 17 illustrat 
a typical crystal structure observed in a 0.21 per ce: 
carbon steel at various distances from the downspru 
of this casting. The investigation showed that the 
higher the pouring temperature, the larger the colun 
nar crystals. The length and the angle of slope o 
the columnar crystals were found in all cases ti 
decrease with increasing distance from the downspru: 


Additional evidence indicated that the position ; 
which this thin section first solidified completely was 
related to the pouring temperature, a high superheat 
promoting solidification first near the sprue and lov 
superheat promoting solidification first at the tip 

This aspect of solidification in a flowing stream 
becomes increasingly important as consideration is 
given to thinner and thinner sections. High pouring 





Fig. 17— Grain structure observed at various positions 
in the standard fluidity spiral. 0.21 per cent carbon steel; 
pouring temperature 2900 F; spiral length 15 in.; spiral 
cut lengthwise perpendicular to parting line; magnification 


812 X; (a) adjacent to sprue, (b) 5 in. from sprue, (c) 
10 in. from sprue and (d) 15 in. from sprue. Flow is from 
left to right. (Rowe)!7 Top row—a (left), b (right); 
bottom row —c (left), d (right). 




















temperatures are needed in order to run thin sec- 
tions, yet these high pouring temperatures promote 
Joenger columnar crystals which converge towards the 
centerline to choke off the metal flow. 


Other Factors Affecting the Solidification Process 


Other factors, such as mold thickness, superheat 
and sand moisture, also affect the mode of solidifica- 
tion of steel castings. These effects are summarized 
in Figure 18. 

Figure 18a shows the effect of increasing the sand 
mold wall thickness from 214 to 7 in. on the solidi- 
fication of a 7 x 7-in. section steel casting. The 
effect is one of a general delay in the solidification 
with increasing sand thickness. The reason for the 
faster solidification in the case of the thinner mold 
walls is that the steel flask acts as a chill and be- 
comes effective before the casting solidifies. The 
solidification time is increased 10 per cent when the 
mold wall is increased from 21% to 414-in. 

A further increase from a 414 to a 7-in. thick mold 
only increases the solidification time 2 per cent. It 
would appear from this that approximately a 4-in. 
mold wall is sufficient thickness for a 7 x 7-in. section. 
It has been reported!8 that a sufficient sand wall 
surrounding the casting should be 1.4T. Sand thick- 
ness greater than this does not contribute to the 
solidification characteristics of the casting. 

Figure 18b illustrates the effect of pouring temper- 
ature variations on the solidification of a 7 x 7-in. 
section steel casting in a sand mold. A higher super- 
heat is seen to delay the start of freezing of the steel 
somewhat. This delay is caused by the liberation of 
the additional heat resulting from pouring the higher 
temperature steel. Superheat also increases the solidi- 
fication interval; however, the rates of travel of the 
various end of freeze curves are approximately the 
same. 

Figure 18c shows the effect of a dry sand mold, 
as compared to one containing 3 per cent moisture, 
on the progressive solidification of a 7 x 7-in. section. 
The presence of moisture speeds up solidification 
during the initial stages and causes the development 
of the end of freeze wave to occur earlier. This effect 
is apparently lost during the later stages of solidifi- 
cation, as is indicated by the merging of the green 
and dry sand curves. This is additional proof of the 
well-known fact that steel castings in green and dry 
sand molds solidify in a similar manner. 


SOLIDIFICATION TIMES FOR 
VARIOUS SHAPES 

The rate of solidification and solidification time of 
steel castings are primarily determined by the thermal 
properties of the mold, composition of the steel, pour- 
ing temperature, section size and casting configura- 
tion. The first three variables in this list are discussed 
in other parts of this report, and no further elabora- 
tion will be made on them in this section. 


Solidification Calculations 


The solidification of steel in metal molds has been 
studied theoretically, and it was determined that the 
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rate of solidification of steel could be expressed as a 
parabolic function: 

D=Kyt 
Here D is the thickness frozen in time t, and K is a 
constant of solidification. 

Attempts have been made to fit this formula to ex- 
perimental data on steel cast in sand molds, but it 
was found that the equation could be used successfully 
only in the early portion of the solidification of a 
section. The data appeared to fall on a hyperbolic 
rather than a parabolic curve, but a fairly good fit 
was obtained using the general equation 


D = K,t®* + K,t 
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Fig. 18 — Progress of solidification of a 7-in. square 
casting. (A) green sand mold thickness series, pouring 
temperature 2800 F; (B) green sand superheat series, 
mold thickness 44-in.; (C) comparison between green 
and dry sand, mold thickness 44%-in., pouring tempera- 
ture 2800 F. (Bishop, Brandt, and Pellini)!! 
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Fig. 19 — Solidification times for various shapes of 
steel castings in sand molds. 


where K, and K, are constants depending upon the 
shape of the mold, etc. 


The earliest and most well-known relationship be- 
tween solidification time and casting geometry was 
developed by N. Chvorinov.!9 He suggested that the 
time required for complete solidification of a steel 
casting is proportional to the square of the casting 
volume divided by the square of the surface area of 
the casting, that is: 


] V \2 : 
= — x 60 
“= Ks (x) 
where: 


ty = freezing time in min. 
V = casting volume in cu in. 

SA = casting surface area in sq in. 
K = constant. 





For spheres, cylinders and plates, K has been found 
to be 2.09, while for bars and rectangles it has been 
determined to be 1.92. 


While this equation is not completely rigorous, it 
does represent an excellent engineering approxima- 
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Fig. 20 — Progression of end of freeze wave contour in 
solidifying L and T sections. (Brandt, Bishop, and Pel- 
lini)?5 





tion. However, it should be pointed out that the rel 
tionship does not take into consideration th 
solidification shrinkage, and thus it can not be applie 
to the dimensioning of risers. 


Application of the equation to simple shapes suc 
as plates, bars and cylinders, must be on the bas 
that no (little) heat flows from the edges of plates « 
the ends of long bars or cylinders. A’ heat flow fro: 
these edges (such as exists in thick plates) will affe: 
the volume to surface area ratio of the above equ: 
tion. The volume/surface area relationships for var 
ous shapes are as follows: 
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Solidification of Simple Shapes 


Most of the thermal studies on progressive solidi- 
fication of cast steel have been carried out on 4x 4, 
6x6, 7x7, and 8 x 8-in. cross-sections.11,20.21,22 In 
such castings, progressive solidification proceeds 
equally from all four faces. The data obtained have 
been plotted in Fig. 19, and a curve for square bars 
has been constructed. 

Plates solidify progressively from only two faces. 
Therefore, the solidification time for a plate of the 
same thickness as a bar is delayed. In fact, a bar with 
a 4x 4-in. cross-section solidifies in 16 min, whereas 
a plate 4 in. thick requires approximately 50 min to 
solidify. 

Calculations on the solidification time of cylinders 
and plates by the electric analogy method23.24 are 
also shown as points on the graph. 


Solidification at Corner Positions 


The mode of solidification is determined by heat 
transfer, and thus growth of walls from which heat is 
being extracted at unequal rates must be considered. 
This is the type of freezing encountered in L and T 
sections. The unequal rates of heat extraction from 
the walls of the junction have two notable effects on 
solidification, i.e., the thermal center of the junction 
is displaced from the geometric center and the time 
of final solidification is changed. 

A study was made of L and T junctions of 4-in. 
sections poured in 0.25 carbon steel.25 Figure 20 
shows the solidification conditions in these sections 
at various times during the course of freezing. It may 
be seen that the rate of wall buildup is most rapid 
at the external corner of the L section and slowest 
at the internal corner, while solidification from the 
flat surface of the plate progresses at an intermediate 
rate. 

The reason for this is that the heat flow paths from 
the external corner are divergent, and for the internal 

















core they are convergent while they are parallel to 
the flat surface. As the heat flow paths move from 

divergent to a convergent position, heat is con- 
ducted to a steadily decreasing mold area and the 
time required for final solidification increases. 

It should be noted that the position of a shrinkage 
cavity is not the position of final solidification. 
Due to the effect of gravity, the last metal to solidify 
drains to the bottom of the hot spot region, and 
thus the shrinkage cavity will be located directly above 
the last part of the section to freeze. 

The previously discussed conditions have been 
known by the steel casting industry for some time. 
‘Thus sharp internal corners are never used, but rather 
a radius of T/3 is used when the member section 
thickness (T) is greater than 3 in. Such a radius 
would permit a solid skin to be formed early in the 
solidification cycle of the section rather than in 50 
min, as shown in Fig. 20. 

The relative solidification times of a 4-in. thick 
(lat plate and 4-in. L and T sections are 48, 62 and 72 
min, respectively. Thus it is seen that adjustment 
factors of 114 and 14 should be used for flat plate 
sections joined in L and T designs when calculating 
the solidification time of such sections from the 
volume-surface_area relationships of the flat plate. 


Solidification at Core Positions 


The nature of solidification in bushings having a 
4-in. wall thickness has been studied?5 to determine 
the effect of cores on freezing rate and solidification 
time. Castings were made using cores of 2, 4, 8 and 
16-in. diameters. The results of the thermal analyses 
made showed that with a 2-in. core the thermal 
gradients over the entire section slope toward the 
outer surface of the casting after about 30 min. This 
indicates that at this time essentially all of the heat 
is flowing from the casting into the mold wall. 

The same conditions were found to characterize the 
casting with the 4-in. diameter core after 60 min 
from the time of pouring. This appears to be the 
borderline case in which the core stops removing heat 
just shortly before the end of freeze wave reaches 
the core surface. The 8 and 16-in. diameter cores 
were found to extract heat throughout the entire 
period of solidification. However, near the end of 
solidification, the gradients in the metal adjacent to 
the mold wall are steeper than those in the metal 
adjacent to the core, which indicates that a larger 
amount of heat is being extracted by the mold than 
by the core. 

Figure 21 shows the progress of the end of freeze 
waves across the 4 in. wall section of the various test 
castings. Data for a 4 in. thick flat plate (representing 
the case of infinitely large core diameter) and for an 
8 in. diameter cylinder (representing the case of an 
infinitely small core diameter) are included for com- 
parison purposes. It may be observed from the curves 
that as the core diameter increases, the solidification 
pattern moves towards the symmetrical characteristics 
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Fig. 21 — Progression of end of freeze waves in cored 
cylinder castings. (Brandt, Bishop, and Pellini)*5 


of the flat plate, and the thermal center approaches 
the geometric center of the 4 in. wall. 

However, with a 16 in. diameter core, the thermal 
center is still approximately 14-in. from the geometric 
center. For the 8 in. diameter core, the thermal 
center is located approximately 114-in. from the geo- 
metric center, while for 4 and 2 in. diameter cores the 
thermal center is at the core-metal interface, i.e., the 
metal adjacent to the core is the last metal to solidify. 

Figure 22 shows a plot of the time required for 
complete solidification vs. core diameter for all of 
the test castings poured. It also indicates the effective 
volume to surface area ratios which should be used in 
the calculation of freezing times for various casting 
configurations. However, as a practical approximation 
for calculation of freezing times, bushings having core 
diameters greater than twice the wall thickness may 
be considered to solidify essentially as a flat plate of 
equivalent wall thickness. Bushings with core diam- 
eters less than twice the wall thickness may be con- 
sidered to solidify essentially as cylinders of radius 
equal to the wall thickness. 


SUMMARY 


A knowledge of the fundamentals of solidification 
of steel castings is an essential foundation for the con- 
sideration of the related topics of gating, risering 
and directional solidification. This presentation re- 
views and summarizes the work of many investigators 
in sufficient detail to provide a sound engineering 
understanding of the principles involved in the solid- 
ification of steel castings. 

The solidification of steel is of a progressive nature 
with growth toward the thermal center of casting 
section. The degree to which solidification is pro- 
gressive is determined by steel composition, thermal 
properties of the mold, temperature level of solidi- 
fication and solidification range. 

The effect of various molding materials and chills 
is to alter the time of solidification of the casting. 
Gravity and convection produce fine macrostructures, 
whereas the flow of metal over a solidifying face 
produces a coarser macrostructure. Superheat and 
mold thickness have only a slight effect upon the 
mode of solidification. 
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Fig. 22 — Relation of solidification time 


a, to core diameter. (Brandt, Bishop, and 
we Pellini)25 
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The rate of solidification is shown to be slower 
at internal corners and core surfaces than at external 
corners and flat mold faces. The time required for 
complete solidification may be presented by the 
equation known as Chvorinov’s rule: 
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ABSTRACT 


Consideration is given to solidification of hyper- 
eutectic and hypoeutectic cast irons, dealing with white, 
gray and ductile iron. The important features of the 
solidification process of these cast irons, as well as 
carbon equivalent calculetion formulas, are presented. 


GENERAL 

The family of cast irons is distinguished from other 
ferrous metals in that cast irons contain sufficient car- 
bon so that the last metal to freeze is always of eutec- 
tic composition. With pure iron carbon alloys, this 
means that the carbon content must be greater than 
about 1.98 per cent C. Other elements, such as sili- 
con and phosphorus, reduce the amount of carbon re- 
quired to reach eutectic composition during freezing. 

The solidification of cast iron occurs over a range 
of temperatures, except in the unique case where the 
metal is exactly of eutectic composition. Eutectic irons 
solidify at nearly a constant temperature, although, 
alloys and impurities may often cause some range of 
solidification even with eutectic composition. 

In pure iron carbon alloys, the eutectic composition 
is variously estimated at 4.23 per cent to 4.30 per cent 
carbon. Silicon and phosphorus especially lower the 
carbon required to reach eutectic composition. The 
normal iron carbon diagram may be used for irons 
containing silicon and phosphorus, if, instead of car- 
bon content, a carbon equivalent or CE figure is used. 
Various formulas have been proposed to calculate CE 
values for cast iron. Commonly used in America are: 


CE = Tot. C + &% (Si + P) 
CE = Tot. C + 0.3 (Si + P) 


Using this, a CE value of 4.3 is taken as the eutectic. 
A possibly more exact and general formula frequently 
given in European literature is: 


CE = Tot. C + 0.312 Si + 0.33 P — 0.078 (Mn — 1.8 S) 


With this formula, 4.23 per cent is assumed to be 
the eutectic composition. In the usual cast iron com- 
positions, either of these formulas will give values suf- 
ficiently accurate for practical estimation. 

The solidification mechanism of any cast iron de- 
pends in a fundamental manner on whether the metal 
is hypoeutectic, eutectic, or hypereutectic. 


WHITE IRON SOLIDIFICATION 


White iron is cast iron which solidifies with little or 
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SOLIDIFICATION OF CAST IRON 


by C. K. Donoho 


none of the graphite constituent which is character- 
istic of gray iron. White cast iron is produced by: 


1) rapid freezing (chilled iron). 

2) low silicon and/or carbon contents. 

3) additions of sulfur or tellurium. 

4) by alloying with carbide stabilizing alloys such as 
chromium and manganese. 


Often several of these factors are used in combina- 
tion. For example, when silicon content is held as low 
as feasible, an alloy addition of chromium may be 
desirable to insure that graphite formation is sup- 
pressed. 

The solidification shrinkage of white iron is about 
5% per cent, and white iron castings require feeding 
from risers to produce sound castings. 


Hypoeutectic White Irons 


With a silicon content of around 0.50 per cent, the 
eutectic carbon content of low phosphorus iron is 
about 4.10 per cent to 4.15 per cent, so most white 
irons are hypoeutectic. On cooling to the liquidus, 
austenite dendrites begin to form at the mold wall 
and grow progressively inwardly throughout the sec- 
tion. Since the solid austenite dendrites contain less 
carbon, say around 1.5 per cent C, the remaining liq- 
uid is enriched in carbon until the last liquid is of 
eutectic composition. 

When the melt has cooled to the eutectic tempera- 
ture, eutectic solidification begins. The product of 
eutectic solidification is ledeburite, mixed crystals of 
saturated austenite and iron carbide. The final so- 
lidified structure then consists of austenite in a den- 
dritic pattern and ledeburite mixed crystals between 
the dendrites. The lower the carbon equivalent, the 
greater will be the proportion of primary austenite. 
With eutectic carbon equivalent, the solidified struc- 
ture is 100 per cent ledeburite. 


Hypereutectic White Irons 


With white irons exceeding the eutectic in carbon 
equivalent, the first constituent to solidify is primary 
iron carbides. Iron carbide contains about 6.67 per 
cent carbon, so the remaining liquid is progressively 
lowered in carbon equivalent until the eutectic tem- 
perature is reached. Eutectic solidification produces 
ledeburite. 


GRAY IRON SOLIDIFICATION 


Gray iron is cast iron in which graphite is one con- 
stituent of the solidified metal. Usually, the graphite 
is in flake form, although some authorities consider 
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nodular or ductile iron to be in the gray iron family. 
For this discussion, we will use the term gray iron to 
mean flake graphite gray iron. 

The most important practical effect of graphite pre- 
cipitation during solidification is the resulting expan- 
sion which may compensate for the normal solidifi- 
cation shrinkage. It has been stated that 2.80 per cent 
of graphitic carbon nullifies the solidification shrink- 
age so that risering to feed shrinkage cavities is not 
necessary (a cu in. of iron weighs 0.28 Ib while a 
cu in. of graphite weights 0.08 Ib). 

Mold wall movement is a critical factor in the 
shrinkage characteristics of gray iron castings. If the 
expansion due to graphitization is allowed to expand 
the mold wall by deformation, shrinkage and internal 
porosity may occur with any iron composition. With 
rigid molds this is not permitted to occur, and sound 
castings can be obtained without risers when sufficient 
graphite is precipitated. 


Hypoeutectic Gray Irons 


In iron compositions where the carbon equivalent 
is less than the eutectic, primary austenite in the den- 
dritic form is the first constituent to freeze. Solidifica- 
tion of austenite continues until the remaining liquid 
is of the eutectic composition. Then, eutectic solidifi- 
cation begins at crystallization centers which grow ra- 
dially to form eutectic solidification cells. Graphite 
flakes begin to form when eutectic solidification be- 
gins. 

Flakes grow in a generally radial pattern from the 
eutectic crystallization centers outwardly into the re- 
maining eutectic liquid. On completion of solidifi- 
cation, the solidified eutectic cells and all the graph- 
ite occupy the spaces between the primary dendrites 
previously formed. On subsequent cooling, further 
growth of the original graphite flakes may penetrate 
into the original dendrites by solid graphitization. 

It is generally accepted that the original graphite 
flakes formed in the eutectic crystallization centers 
grow with the outer edge of the flakes in contact with 
eutectic liquid. Graphitization, after solidification, 
occurs simply by adding on of precipitated carbon to 
the existing flake pattern. 

The size and pattern of the graphite flakes is largely 
determined by the number and size of the eutectic 
cells and the degree of undercooling before eutectic 
solidification begins. With little or no undercooling, 
the eutectic cells are small and numerous; and the 
graphite patterns tend to the Type A graphite, uni- 
form flake distribution with random orientation. 
When considerable undercooling occurs before the 
eutectic solidification starts, the eutectic cells are 
large and less numerous; and the final graphite pat- 
tern tends to the Type D, interdendritically segregated 
flakes. 

With little or no undercooling, graphite flakes grow 
slowly during gradual eutectic solidification from 
numerous cells in relatively large flakes which can fi- 
nally grow into the austenite dendrites to give a rather 
uniform distribution. 

With considerable undercooling flake formation is 
rapid in large cells, resulting in smaller flakes segre- 









gated between dendrites. Inoculants are widely usec 
to prevent or reduce undercooling and to produc: 
Type A graphite. 


Hypereutectic Gray Irons 

Solidification of hypereutectic gray iron begins b: 
the precipitation of primary graphite flakes. There i 
a rather academic question as to whether the initia! 
precipitation is graphite from the liquid, or iron cai 
bide which immediately decomposes to graphite 
The net result is the same in that primary graphit: 
appears in the melt prior to eutectic solidification. 

When eutectic composition is reached the eutectic 
solidification proceeds exactly as in hypoeutectic gray 
irons. 


NODULAR OR DUCTILE IRON 
SOLIDIFICATION 

Ductile irons are gray irons in which the graphit« 
phase occurs essentially in the form of spherulites 
rather than in the usual flake form. Compositionally, 
ductile iron may be quite similar to normal gray iron 
with the important exception that the sulfur content, 
which could combine as FeS and MnsS, is essentially 
nil. 

A few hundredths of per cent of a nodulizing agent 
such as Mg or Ce is usually considered to be an es- 
sential part of the composition of ductile iron, al- 
though, the effectiveness of these elements may likely 
be due to their ability to combine with the last 
traces of sulfur in the melt. Since phosphorus embrit- 
tles ductile iron to a greater degree than normal gray 
iron, this element is usually held to a low content in 
commercial ductile irons. Carbon and silicon can be 
in the normal range, but since manganese is not re- 
quired to combine with sulfur, this element may be 
quite low, or even absent. 


Hypoeutectic Ductile Irons 

The general progress of solidification of ductile 
iron is generally similar to that of normal gray iron 
of the same carbon equivalent. There are differences, 
but these are comparatively minor considering the 
difference in resulting structure and properties. 

As in the normal gray iron, solidification begins by 
the formation of austenite dendrites followed by eutec- 
tic solidification. It is probably significant that ductile 
irons consistently undercool several degrees below 
other irons of similar composition. Eutectic solidifi- 
cation begins in the order of 10 to 30 F lower. 

Figure | from Pellini* compares the solidification 
in 7 in. square sections of gray and ductile hypoeu- 
tectic irons. As shown by these diagrams, the greatest 
difference is in the eutectic solidification, which in 
the case of ductile iron is considerably more extended 
and slower. Pellini and others consider that carbides 
form first at the beginning of eutectic solidification 
and later decompose to graphite spherulites and aus- 
tenite. It is generally agreed that graphite spherulites 
do not grow in contact and liquid metal, but at their 
inception and during subsequent growth are sur- 
rounded by a solid shell of austenite. There is ample 
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e\ idence that this is true, but the reason why is a mat- 
ter for speculation at the present state of knowledge. 


Spherulite Formation 

There are several areas of uncertainty and even dis- 
agreement concerning the solidification of ductile 
irons. Most investigators assume that spherulites do 
not begin to form until the start of the eutectic solid- 
ification. There is some evidence, however, that at 
least the nuclei for spherulites may form in the austen- 
ite dendrites prior to the eutectic solidification. The 
undercooling which occurs before eutectic solidfica- 
tion starts could contribute to this mechanism. 

Figure 2 is a micro of a hypoeutectic iron with low 
(0.004 per cent) total Mg content. Both spherulites 
and Type D or eutectiform flake graphite are pres- 
ent. It is obvious that the Type D flake graphite 
formed in the eutectic or last to freeze metal. But the 
spherulites present appear consistently in the center 
of austenite dendrites. It is difficult to reconcile this 
with nodule genesis in the eutectic only. 

Another area of uncertainty is in whether graphite 
spherulites always form by decomposition of solidified 
carbides or if graphite may form directly from the 
melt. The spherulites or nodules in Fig. 2 do not ap- 
pear to have formed by carbide breakdown since they 
are centrally positioned in what appears to be pri- 
mary austenitic dendrites. Evidence for spherulite for- 
mation by carbide breakdown is found in the fact 
that spherulites can be formed by annealing car- 
bidic white iron. 

Even this is not positive evidence of spherulite in- 
itiation from carbide breakdown. We have examined 
many samples of chilled magnesium treated iron mi- 
croscopically. Although these chilled samples appear 
to be truly white iron, under high magnification (in 
most cases) tiny graphite spherulites can be detected. 
On annealing, these incipient spherulites already 
present simply grow by diffusion of carbon from. car- 
bide through austenite. 

Pellini and co-workers have shown that the number 
of spherulites in ductile iron at the beginning of eu- 
tectic solidification is the same as after complete solid- 
ification, and that only the size of the spherulites in- 
creases as solidification progresses. This could mean 
that tiny graphite spherulites form at or just prior to 
eutectic solidification in the austenite dendrites, and 
thence simply grow by diffusion of carbon. 

While the overall mechanism of solidification of 
hypoeutectic ductile irons is generally understood, it 
is uncertain (at least to the writer) whether or not 
incipient spherulites may form prior to eutectic solid- 
ification. Stated another way, it is uncertain whether 
or not incipient spherulites may form before eutectic 
carbides have solidified. 


Hypereutectic Ductile Irons 


The solidification of hypereutectic ductile iron be- 
gins by the precipitation of primary graphite spheru- 
lites. Whether or not primary carbides form first and 
immediately breakdown to spherulites and austenite 
is rather inconsequential, since the net result, graphite 
spherulites in the melt prior to eutectic solidification, 
is the same. It is generally agreed that primary graph- 

















SURFACE 








us 
nm 
ty ty 


meee CLEAR LIQUID 











SURFACE 








TIME — MINUTES 


Fig. 1 — Solidification diagrams for hypoeutectic flake 
(top) and nodular (bottom) irons (Pellini). 


ite spherulites, in contrast to primary flakes, are 
sourrounded from inception by a shell of solid austen- 
ite and grow out of contact with liquid metal. 

Evidence for this is rather clear. Flotation of graph- 
ite spherulites in hypereutection ductile irons has 
been reported many times. This is exaggerated in 
centrifugal castings, and a concentration of primary 
spherulites at the inside of true centrifugal castings is 
obvious when the metal is hypereutectic, but ceases 
abruptly when carbon content is less than eutectic. 
Evidence for the austenite shell around the spheru- 
lites is found in the fact that while primary spheru- 
lites float in the liquid toward the surface, they do 
not eject completely out of the liquid into the air as 
is the case in ordinary kish primary flake graphite. 

When primary graphite has precipitated in the liq- 
uid to the extent that eutectic concentration is 
reached, eutectic solidification proceeds as in any duc- 
tile iron. 





Fig. 2— Micrograph of hypoeutectic cast iron with 


0.004 per cent total magnesium content. Nital etch. 
100 X. 








by Harry W. Dietert 


ABSTRACT 

The reduction of casting losses is a paramount issue 
in the casting industry. The production of high quality 
castings demands close inspection which means high 
rejection should quality control in the foundry ever 
lose its efficiency. 

The efficiency of quality control can best be held at 
a good working peak when casting losses are correctly 
classified and their elimination procedure is well under- 
stood. A definite plan of action is essential. The pur- 
pose of this report is to set forth a programming plan 
for casting loss reduction. It will not cover the entire 
field but will cover the field of losses obtained from 
inefficient working of molding sand which may be used 
as an example to attack the other losses experienced. 


STEPS IN PROGRAM 


1 — Programming According to Source 


The first step is to program the attack from the 
source of the loss. It is essential to determine the 
source of the loss. 

The program may be started by recognizing that 
there are six principal sources of casting losses, 
namely: design, metal, pattern equipment, molding 
equipment, core and molding sand. All casting losses 
may be ascribed to one of the six named sources. 


2 — Programming According to Classification 

After the source of loss has been determined, a sec- 
ond step must be taken to determine whether the 
loss may be classified as to whether it was man-made 
due to the human variable, carelessness in working 
or whether the loss can be classified as being caused 
by the source not being capable of performing its 
task. 

Thus, we have man-made losses in each of the six 
sources. As an example, a scab caused by a gagger 
too close to pattern. The source is molding sand and 
it must be classified as man-made. Conversely, an ex- 
pansion scab due to mold wall fracturing has as its 
source molding sand also but it must be classified as 
molding sand-made. 

The man-made losses are much more numerous 
than source-made losses. Take for example the 
source of molding sand losses. In the tables there 
are listed 101 molding sand man-made losses and 
29 molding sand-made losses. This illustrates the im- 


H. W. DIETERT is chairman of board, H. W. Dietert Co., Detroit. 





CASTING LOSS REDUCTION PROGRAM 






portance of delegating a well trained staff on the 
control of losses that are man-made by the human 
variable. 


3 — Programming the Cause 


At this stage of programming the reduction of loss 
we have determined the source and have classified 
it as to whether the loss comes directly from failure 
of our source or whether it is man-made. The third 
step is to reason the cause. In man-made classifi- 
cation, the cause may be failure to follow instruc- 
tions or not instructed correctly. 

In the case of source-made classification, for ex- 
ample, molding sand-made losses, the cause of ex- 
pansion losses such as a scab, is the rate of expan- 
sion of sand greater than the rate of hot deformation. 


4— Programming According to Correction 


After the cause is determined a fourth step is 
taken — correction. The correction of the loss is an 
important step in the pfogram. Some corrective 
step must be taken and that step must be com- 
manded. Have a clear and precise correction formu- 
lated and then execute it so as to remove the cause 
by certain changes. 


5 — Programming According to Changes 

Step 4 left us with a precise formulated correc- 
tion, and now as to its execution a certain change 
must be made. Thus, step 5 is to make a definite 
change. Whether the loss is man-made or source- 
made, a change must be made to eliminate a loss. 
The change made must be corrective and precise. 


APPLICATION 


Illustrating the application of the suggested loss 
reduction program may be best accomplished by 
first taking as an example, the source-molding sand. 
All the losses of molding sand are divided into the 
two classifications, molding sand-made and molding 
sand man-made. The molding sand-made losses are 
tabulated in Tables 1 to 6, inclusive. The molding 
sand man-made losses are tabulated in Tables 7 to 12, 
inclusive. 


Molding Sand-Made Losses 


The dirt inclusion losses which have their source 
as molding sand are caused by a failure of the 
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molding sand. Table 1 can be used to illustrate the 
application of the loss reduction program. 

Table 1 shows three types of dirt inclusion losses — 
erosion, sand inclusion and sand holes. The cause 
is shown as metal erosion of the mold surface. If 
the sand inclusion was present due to any other 
cause, it would be a molding sand man-made loss 
and should be included in losses tabulated in man- 
made losses Tables 7 to 12, inclusive. 

Proceeding with the molding sand-made loss in 
Table 1, with cause prescribed, the next step shown 
is correction. The corrections shown are—increase 
green strength, air-set strength, dry strength and hot 


TABLE 1— MOLDING SAND-MADE DIRT 
INCLUSION LOSSES 





Type: Erosion — sand inclusion — sand holes. 

Cause: Metal erosion of mold surface. 

Correction: Increase green, air-set and dry strength and 
hot toughness. 

Sand Change: 


1. Temper sand to 0.016 in. to 0.018 in. green 
ultimate deformation except steel, 0.022 in. 
to 0.025 in. 


2. Run 14 to 18 psi green compressive strength. 
3. Add dextrine if air-set is below 20 psi. 


4. Run 60 to 125 psi dry strength. Add cereal if 
necessary. 


5. Increase hot strength with Western bentonite 
or clay additions. 





TABLE 2— MOLDING SAND-MADE BLOW LOSSES 





Type: Surface blow — gas hole in metal. 


Cause: Gas pressure at metal-mold interface greater 
than molten metal pressure. 


Correction: Cause gas pressure of sand to be less 
than molten metal pressure. 


Sand Change: 

1. Increase permeability of sand. 

2. Run green compressive strength at 14 to 18 
psi and temper sand to 0.016 to 0.018 in. 
ultimate green deformation to avoid excess 
mechanical moisture. 

3. Increase molten metal pressure head. 


4. Reduce gas producing ingredients. 





TABLE 3— MOLDING SAND-MADE MOLD 
WALL FRACTURE LOSSES 





Type: Rat tail — buckle — expansion scab — fracture dirt. 
Cause: Expansion greater than hot deformation. 


Correction: Decrease 1 lb loaded expansion above 0.007 in. 
for iron and non-ferrous; decrease restraining 
load below 50 psi for steel. 


Sand Change: 


— 


. Limit fines under 8 to 12 per cent. 
2. Add | to 2 per cent Flour. 


8. Add 1 to 2 per cent corn cereal binder or 
carbonaceous material. 


carbon-chamott-sil- 


4. Use special sand, i.e., 
limanite or zircon. 








TABLE 4— MOLDING SAND-MADE MOLD 
WALL MOVEMENT LOSSES 





Type: Casting over-weight — low casting density — poor dimen- 
sional tolerances — some shrinks — swells. 


Cause: Sand will not sustain metal weight. 


Correction: Decrease creep deformation under 0.003 in. at 5 psi — 
2 min. 


Sand Change: 
1. Run green compressive strength at 14 to 18 
psi. 


2. Temper to 0.016 to 0.018 in. ultimate green 
deformation. 


3. Run ample fines up near mold wall fracture 
percentage. 


4. Add 1 to 2 per cent cellulose material. 
5. Add 4 to 6 per cent sea coal for iron. 


6. Add flowability increasing ingredient. 





TABLE 5— MOLDING SAND-MADE 
PENETRATION LOSSES 





Type: Metal penetration — penetration burn-on. 


Cause: 
1. Excess void size. 
2. Excess oxidizing atmosphere. 
3. Excess metal pressure. 
Correction: 


1. Reduce size of voids on mold wall. 
2. Displace oxidizing gases at metal-mold interface. 
8. Decrease molten metal pressure head. 

Sand Change: 


1. Decrease grain size — lower permeability. 
2. Increase flowability by holding ultimate green 
deformation to 0.016 in. to 0.018 in. except 


steel 0.022 in. to 0.025 in. and running green 
compressive strength, 14 to 18 psi. 


8. Use reducing additives. 


4. Use insulated sprues and headers as means of 
reducing metal pressure head. 


5. Reduction of metal pressure against sand dur- 
ing metal expansion cycle. 





TABLE 6— MOLDING SAND-MADE ROUGH 
CASTING FINISH LOSS 





Type: Roughness — coarse finish. 
Cause: Coarse mold surface. 
Correction: 
1. Increase fineness. 
2. Use protective coating. 
8. Increase green strength to attain higher hardness. 
Sand Change: 
. Use finer sand — watch distribution. 
. Add facing material to sand. 
. Apply ‘mold coating. 


. Increase green strength, 14 to 18 psi. 


o -» oF ND — 


. Temper sand to 0.016 in. to 0.018 in. ultimate 
green deformation. 
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toughness. Any one of the strength factors shown 
may be deficient. 

Thus, the task is to determine which one of the 
strength factors is at fault. This determination can 
best be made after all strengh test data are studied. 
Sand erosion in the hot region is not a factor of 
hot strength alone but also of hot deformation. Thus, 
the two factors must be considered together as hot 
toughness. 

The sand changes suggested in Table | for correc- 
tion of dirt inclusion of molding sand-made losses 
are five in number. Make the sand changes as shown 
to correct the deficient strength factor as found by 
sand tests. For example, sand change, the air-set 
strength was found to be below 20 psi. The change 


TABLE 7— MOLDING SAND MAN-MADE 
DIRT INCLUSIONS LOSSES 





Type: Erosion — sand inclusions — sand hole. 


Causes: 
1. Poor gating equipment, no draft, fin producing areas 
and joints. 
. Failure to keep sprue filled with metal. 
. No choke on trap in gating system. 
. Dirt left in gating system. 
. Dirt left in mold. 
. Crush at parting. 
. Crush at print. 
. Low mold hardness due to soft ramming. 
. Dirt kicked in mold. 
. Dirt from overhead beams. 


Coan o ® OO ND 


-— So 


. Dirt blown in mold. 

12. Excess dry parting. 

13. Excess paste or putty at joints. 

14. Dry sand. 

15. Poorly mixed sand. 

16. Hot sand dried out. 

17. Poorly cut gates. 

18. Ingate too thick. 

19. Sprue too close to flask. 

20. Failure to use strainer. 

21. Cuff of shirt sleeve scuffing mold. 
22. Foreign material in sand. 

23. Using dried out sand. 

24. Dry sand from bin corners. 

25. Excess dry mold dusting material. 
26. Crush due to use of excess seal at prints. 
27. Ram-off dirt. 

28. Push-up drag from bottom boards. 
29. Warped flask causing crush. 

30. Flask not down on pattern plate. 
$1. Bridging in sand bins. 

$2. Accumulation of dried out sand in hoppers. 
33. Caking of sand on mixer walls. 


34. Using soured sand. - 


Correction: Control human variable. 


Man Changes: 


1. Issue correct instructions. 


2. Have instructions followed. 












No. 3 suggests the use of dextrine to increase the 
air-set strength. 

A study of the other Tables (2 to 6), inclusive 
will show steps suggested for other molding sand 
made losses. Their application for the reduction o! 
losses may be used as a guide, remembering thai: 
they are in a simplified form and in their applica 
tion, much thought must be given to inter-linking et 
fects on other sand working properties. 


TABLE 8 — MOLDING SAND MAN-MADE 
BLOW LOSSES 





Type: Blow on surface — blow in metal. 


Causes: 
1. Excess swabbing. 


Wet sand from sprinkling. 
. Wet rusty chill. 
. Wet gagger. . 
. Excess water on flask. 


. Excess liquid parting. 
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Too hard tooling. 


o 


Wet Putty. 

9. insufficient venting where required. 

10. Bottom board not vented where required. 

11. Sand bed too tight. 

12. Excess facing material. 

13. Insufficient drying of skin dried mold. 

i4. Wet mold coating. 

15. Facing material mixed nonuniformly. 
Correction: Control human variable. 


Man Changes: 
1. Issue correct instructions. 


2. Have instructions followed. 





TABLE 9— MOLDING SAND MAN-MADE 
MOLD WALL FRACTURE LOSSES 





Type: Buckle — scab — fracture losses. 

Causes: 

. Excess tooling. 

. Gagger too close to pattern. 

. Bar too close to pattern. 

. Butt rammed too close to pattern. 

. Large flat area not relieved by change in plane. 


. Non-uniform mold hardness. 
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. Excess moisture in low strength sands coupled with 
hard ramming. 


8. Failure to add cellulose or combustible material in 
sand mixer. 


9. Not riddling sand if lumpy. 
10. Insufficient nails where nailing is practiced. 
11. Insufficient venting where such is practiced. 
12. Added wrong ingredients to the sand. 
Correction: Control human variable. 
Man Changes: 
1. Issue correct instructions. 
2. Have instructions followed. 




















Molding Sand Man-Made Losses 


The losses experienced from the molding sand 
source, but classified or charged to man-made, are 
large in number. The utmost care can be practiced 
in the selection of equipment or materials and all 
to no saving should the human variable be in con- 
trol. The control must be in both the equipment- 
material and in the human variable. 


Table 7 lists 34 causes of casting loss due to dirt 


TABLE 10— MOLDING SAND MAN-MADE 
MOLD WALL MOVEMENT LOSSES 





Type: Excess casting weight — low casting density — poor dimen- 
sional tolerances — swells — some shrinks. 


Causes: 
1. Sand segregation. 
. Insufficient ramming energy available. 
. Insufficient air pressure. 
. Jolt machine whip. 


. Failure to move sand slinger head fast enough. 
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. Failure to tuck where required. 


. Failure to use contoured squeeze board where re- 
quired. 


~i 


8. Non-uniform filling of flask with sand over pattern. 
9. Insufficient jolting. 
10. Failure to hold squeezing time constant. 
11. Squeeze board catches on flask. 
12. Variable quantity of sand in flask. 
13. Poor selection of up-set on flask. 
14. Flask too close to pattern. 
Correction: Control human variable. 
Man Changes: 
1. Issue correct instructions. 


2. Have instructions followed. 





inclusion for the molding sand man-made losses. The 
type of loss is the same, namely, erosion, sand in- 
clusions and sand hole, as for the dirt inclusion 
losses shown in Table | for the molding sand-made 
losses. They are the same source since the inclu- 
sion is molding sand and the type is the same loss. 
However, they are man-made which distinction must 
be made. It is of utmost importance in a loss re- 
duction program to make this distinction. 

The causes of man-made losses are sometimes dif- 
ficult to pin down, for example, dirt inclusion loss 
which is composed of molding sand. If the sand is 
not eroded from the mold surface then it is man- 
made. Study the 34 causes (Table 7) which are 
chargeable to man. Determine the right cause by a 
process of elimination if no better method presents 
itself. 

The next step is to make the correction by con- 
trolling the human variable. This incurs a man 
change, whereby the correct instructions are first de- 
termined and then see that the instructions are fol- 


TABLE 11— MOLDING SAND MAN-MADE 
PENETRATION LOSSES 





Type: Metal penetration — penetration burn-on. 


Causes: 

. Insufficient ramming. 

. Excess toughness of sand. 

. Excess cope height. 

. Coarse sand from sand segregation. 

. Failure to check fineness of incoming sand. 
. Insufficient mold coating. 

. Insufficient drying of mold coating. 


. Excess squeeze pressure on mold surface due to metal 
expanding on setting. 
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9. Using wrong sand mix. 
Correction: Control human variable. 


Man Changes: 
1. Issue correct instructions. 
2. Have instructions followed. 





lowed. This is easier said than done, but yet pos- 
sible. 


CONCLUSION 


Improving the quality of castings requires a well 
directed plan. A systematic and orderly program in- 
stituted along the line of the program tables given 
in this paper will be found helpful. The program 
must be applied and simple; as outlined it has been 
simplified to the greatest degree. Thus, in their 
use, additional thought should be given to guide 
their application to the problem at. hand. 


TABLE 12 — MOLDING SAND MAN-MADE 
ROUGH CASTING SURFACE LOSS 





Type: Roughness — coarse finish. 

Causes: 

. Failure to use facing material. 
. Insufficient facing material. 

. Coarse sand from segregation. 
. Wet sand sticking to pattern. 


. Insufficient mold hardness. 
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. Failure to use parting. 


~I 


. Cold pattern causing sticking. 


oo 


. Failure to riddle sand on pattern. 
9. Failure to use aerator in sand system. 
10. Hot sand sticking on pattern. 
11. Lumpy sand. 
12. Pattern too close to flask. 
13. Damaging pattern with rammer. 
14. Using rough pattern. 
15. Poor fitting fillets on pattern. 
16. Poor draft on pattern. 
17. Using dried out sand. 

Correction: Control human variable. 


Man Changes: 
1. Issue correct instructions. 
2. Have instructions followed. 














ALUMINUM CASTING ALLOYS 


PROPERTIES IMPROVEMENT 


BY GRAIN REFINING 


by K. Schneider 


ABSTRACT 


The properties of aluminum casting alloys may not 
only be changed by altering their composition or, in 
the case of heat treatable alloys, by a thermal treat- 
ment, but also by influencing their crystalline struc- 
ture. This may be achieved either by controlling the 
cooling conditions during solidification or by making 
additions influencing the formation of the structure. 
Fine grained castings in general show more favorable 
technological properties than those having a coarse 
grained structure. 

The theoretical conditions under which aluminum 
alloys may be grain refined by adding a nucleant are 
discussed. 

It is reported on investigations regarding the grain 
refinement of hypereutectic aluminum-silicon alloys by 
means of phosphorus bearing nucleants as well as on 
the development of a grain refining agent on this basis, 
and the conditions for its most efficient application 
are given. Reference is made to the effect of small 
quantities of sodium and calcium in hypereutectic 
aluminum-silicon alloys on the grain refinement of 
these alloys. Also pointed out is the importance of 
grain refinement for the use of hypereutectic alumi- 
num-silicon alloys in the production of pistons. 

A method is described for grain refining aluminum- 
magnesium alloys by treating them with chlorides of 
carbon, above all carbon tetrachloride which is intro- 
duced into the metal melt by means of an inert carrier 
gas. The tests were carried out on alloys containing 2 
to 8.5 per cent magnesium. The improvement of 
mechanical properties achieved by the grain refining 
treatment is indicated. 


INTRODUCTION 


Pure aluminum has comparatively low strength 
properties and relatively poor castability. For this 
reason it is only used to a limited extent in the pro- 
duction of castings for special purposes where par- 
ticular ‘properties, such as especially good electrical 
conductivity or maximum resistance to corrosion, are 
required. The properties of pure aluminum can, how- 
ever, be altered substantially by adding one or sev- 
eral metals as alloying constituents. 

Therefore, aluminum alloys are used in the foundry 
which have properties superior to those of pure alu- 
minum in castability, free-cutting characteristics, 
strength and hardness, thermal expansion, resistance 
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to chemical attack, thermal conductivity or strength 
at elevated temperatures. 

The properties of aluminum alloys may, however, 
only be influenced by the addition of various alloy- 
ing elements, but also by other factors. Thus, ultimate 
tensile stress and proof stress of heat treatable alloys 
may be improved considerably by a thermal treat- 
ment. Technological properties are to a certain de- 
gree also dependent on the crystalline structure of 
the alloy. Tests have shown that, e.g., tensile strength 
and elongation are improved by 8 to 10 per cent in 
the case of alloys solidified in fine grains compared to 
coarse grained castings. 

While with the multitude of known casting alloys 
the possibility of improving their properties by alter- 
ing the levels of alloying elements is almost exhausted, 
there is still a way to achieve this aim by influencing 
the crystalline structure during its formation when 
the melt solidifies. 


GRAIN SIZE CONTROL OF 
ALUMINUM ALLOYS 

Slow cooling of the melt initiates crystallization at 
the mold wall, the nuclei produced preferably grow- 
ing into the melt in the form of columnar crystals. 
Rapid cooling, on the other hand, yields a high rate 
of crystalline growth; as a consequence, fine grains are 
formed while orientated crystallization is prevented. 
Use of this fact is frequently made in practice. It is 
extremely difficult, however, and on intricate molds 
next to impossible to obtain uniform cooling condi- 
tions over the entire cross-section of a casting. An at- 
tempt has therefore been made to find another way 
to produce fine grains. 

Considering the possible approaches to this prob- 
lem, the mechanism of freezing in a metal melt should 
be briefly recalled. Pure aluminum, as well as eutec- 
tic alloys, solidifies at an approximately fixed tem- 
perature forming uniform crystals. All other alloys 
have a freezing range in which not only pure metal 
crystals but also a variety of solid solutions are pre- 
cipitated. If, therefore, the crystalline structure is to 
be influenced during solidification, the methods used 
for pure aluminum and eutectic alloys must be differ- 
ent from those applicable to the remaining types of 
alloys. 

It is a well-known fact that slow freezing produces 
large crystals, the crystals being the larger the purer 
the melt. If, however, nuclei are introduced into un- 
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gained structure is produced, the number of crystals 
forming being dependent on the number of nuclei. 

This phenomenon is made use of in the so-called 
modification of eutectic aluminum-silicon alloys. In 
the as-cast condition they have a coarse structure in 
which aluminum-silicon crystals are embedded. Add- 
ing sodium to the melt effects undercooling; the re- 
sult is a solidification in a fine grained form of the 
aluminum-silicon eutectic with embedded primary 
aluminum-silicon crystals. 


Solid Solution Crystals 

In other than eutectic alloys there are, apart from 
crystals of the pure metal, numerous solid solution 
crystals of various shapes, which, e.g., may have face- 
centered cubic or hexagonal crystal structure. If these 
crystals are to be influenced during solidification of 
the melt by the addition of agents, the nuclei pro- 
duced must have a higher melting point than the 
metal, i.e., they must not be dissolved unless they 
precipitate again prior to solidification of the metal. 

Furthermore, a certain crystallographic similarity 
between the nuclei and the solidifying metal is nec- 
essary; the two crystal structures should have lattice 
planes exhibiting the same arrangement of atoms and 
approximately equal interatomic spacing.1 Thus, for 
instance, crystals with a hexagonal space lattice can 
act as precipitation nuclei for aluminum which forms 
crystals of the face-centered cubic system, if the dif- 
ference between the smallest interatomic spacings of 
the two crystals is, in one dimension, less than 15 
per cent.2 

Therefore, depending upon the alloy to be grain 
refined, different agents have to be used. By applying 
several nucleants at the same time, various types of 
crystals in an alloy can be grain refined. 

Recently, some success has been achieved in devel- 
oping grain refining methods for hypereutectic alu- 
minum-silicon and aluminum-magnesium alloys; these 
tests will be extended to include other aluminum al- 
loys. 

GRAIN REFINEMENT OF HYPEREUTECTIC 
ALUMINUM-SILICON ALLOYS 

Hypereutectic aluminum-silicon alloys have been 
used in Europe in recent years to an ever increasing 
extent for the production of pistons in internal com- 
bustion engines. These alloys in addition to 17 to 25 
per cent silicon may also contain copper, nickel, mag- 
nesium, chromium, cobalt and other metals; they 
offer the advantage of having especially good anti- 
friction properties and low thermal expansion. 

When these alloys are cast, the primary silicon 
tends to form in large crystals, as is illustrated in 
Fig. 1 showing the structure of an aluminum-silicon 
alloy with 23 per cent silicon. This characteristic has 
an unfavorable effect on castability, and also on the 
technological properties and machinability. 

In order to obtain fine, uniformly distributed sili- 
con crystals upon solidification, a grain refining agent 
must be added to the molten metal which, as was men- 
tioned above, should have the same crystal structure 
and approximately the same lattice spacing as silicon. 
Aluminum phosphide fulfils this condition; its struc- 
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Fig. 1— Structure of aluminum-silicon casting alloy 
containing 23 per cent silicon. 100 X. 


ture is also cubic and its lattice spacing of a = 5.45 
Angstrom is approximately the same as that of silicon 
where a = 5.42 Angstrom. 

Therefore, phosphorus has for a long time been 
used for refining hypereutectic aluminum-silicon al- 
loys. When added to the melt the phosphorus reacts 
with aluminum forming finely distributed aluminum 
phosphide. In practice, the addition of phosphorus 
is made in the form of phosphor copper. This pro- 
duces a certain increase of the copper content in the 
alloy. 

In order to avoid this, phosphorus may be intro- 
duced into the melt in the form of phosphorus penta- 
chloride. This salt, however, is highly hygroscopic 
and easily decomposed. It sublimes at a temperature 
as low as 212 F (100 C), and, therefore, must be han- 
dled carefully. Besides, unpleasant fumes are evolved 
when it is applied. 


Sodium Phosphide-Aluminum Powder Mixture 


For this reason, it has been suggested to use a mix- 
ture of sodium phosphide and aluminum powder 
for refining hypereutectic aluminum-silicon alloys. 
At the temperature of the molten metal, a chemical 
reaction takes place by which aluminum phosphide is 
formed; the aluminum phosphide nuclei are pro- 
duced in the melt in an especially effective form and 
are finely distributed. Experience, however, has shown 
that it is not always possible to obtain good results 
by this method. 

This is attributed to the use of sodium phosphide 
as the carrier substance for phosphorus. The affinity 
of sodium for phosphorus at the temperature of the 
metal melt is greater than that of phosphorus for alu- 
minum. Aluminum phosphide formed at the high 
temperature of the chemical reaction is partly re- 
transformed into sodium phosphide at. the lower tem- 
perature of the melt and part of the phosphorus is 
lost for nucleation. 


Furthermore, a grain refining agent containing only 
phosphorus can exclusively influence the primary sil- 
icon crystals, but not the matrix. 


For obtaining optimum grain refining effects in 
hypereutectic aluminum-silicon alloys, a sodium-free 
agent should be used which, apart from phosphorus, 
contains also a nucleant for the matrix. Since it is 
known that small amounts of titanium improve the 














Fig. 2— Structure of alumirum-silicon casting alloy 
containing 17 per cent silicon. Top — untreated; bot- 
tom — refined. 100 X. 


solid solution, it has been proposed*+ to use a grain 
refining agent which contains red phosphorus as car- 
rier substance for phosphorus and potassium-titanium- 
fluoride as carrier for titanium. 

This mixture is ground together with potassium- 
chloride serving as carrier salt for the red phosphorus, 
and as a purifying agent for the melt at the same 
time. 

Tests were made with hypereutectic aluminum-sili- 
con alloys containing 17 and 23 per cent silicon. Their 
composition is given in Table 1. 

By means of a plunger 0.8 to 1 per cent of the 
grain refining medium is introduced into the melt 
heated to 1435 F (780C), and after turbulence has 
ceased the alloy is cast at 1380 to 1420F (750 to 
770.C). The result obtained is clearly exhibited in 
Fig. 2, which shows on the top the structure of an 
untreated and on the bottom that of a refined alumi- 
num-1I7 per cent silicon alloy. Figure 3 illustrates the 
same effect for an aluminum-23 per cent silicon alloy. 

The particle size of the grain refining mixture is 





Fig. 3 — Structure of aluminum-silicon casting alloy 
containing 23 per cent silicon. Top — untreated; bottom 
— refined. 100 X. 





TABLE 1— CHEMICAL COMPOSITION OF 
HYPEREUTECTIC ALUMINUM-SILICON ALLOYS 


Casting Alloy Composition, % 











Element AlSi 17 AlSi 23 
ly RR ae ee 0.8-1.2 0.8-1.2 
| EES RER ARE i se Relea 0.7-1.2 0.7-1.2 
Ee oe eee 0.4-0.6 <0.2 
a See oe cee 16.4-17.5 22-25 
ga od nial «kan ede oka <0.8 <0.8 
Ce Ro ee ae <0.2 <0.2 
RN Wits sha ok ad Bh ware ahalae <0.2 <0.2 
RR ee ee lee 3.2-3.6 0.8-1.0 
Sree rr rece 0.4-0.6 0.4-0.6 
ER ae er Pee remainder remainder 





of decisive importance for its effectiveness in nucle 
ation. Optimum results are obtained, when the 
length of the salt crystals is between 20 to 60 microns. 
Coarser mixtures clearly produce less favorable grain 
refining effects. This is illustrated in Fig. 4. The 
structure on the top is that of an untreated alumi- 
num-silicon alloy with 17 per cent silicon. The al- 
loy shown in the middle was refined with a mixture 
of salt crystals having a partical size of 140 to 600 
microns, while the salt crystals in the grain refining 
mixture used for treating the alloy on the bottom 
were of 20 to 60 microns size. 


It proved to be of advantage to flux the melt with 
chlorine after the grain refining treatment prior to 
casting. The aluminum phosphide nuclei are acti- 
vated favoring the formation of many small crystals. 
About 200 liters of chlorine gas are bubbled through 
a 150 kg melt at a temperature of 1380 to 1420F 
(750 to 770C). The effect of such a treatment is 
illustrated in Fig. 5, which shows the structure of a 
refined aluminum-23 per cent silicon alloy prior to 
the chlorine gas treatment on the top and after it on 
the bottom. 


If the refined molten alloy is held at the casting 
temperature of 1380 to 1420F (750 to 770C) for a 
prolonged period, the grain refining effect is partly 
lost. By repeating the chlorine gas treatment, how- 
ever, the fine distribution of the primary silicon crys- 
tals can be re-established so that a new grain refin- 
ing treatment is not necessary. 


Sodium Content Effect 


As already mentioned, the sodium content has a 
deleterious effect on the grain size when hypereutec- 
tic aluminum-silicon alloys are treated with a phos- 
phorus-bearing grain refining agent. This is confirmed 
by unpublished experiments carried out by J. Sulzer 
and V. J. Zabek; the outcome of their work is com- 
piled in Table 2. With 0.001 per cent sodium in the 
original alloy the average grain size of the primary 
silicon was 25 microns in aluminum-20 per cent sili- 
con alloys which were treated with a mixture of red 
phosphorus, potassium chloride and potassium-tita- 
nium-fluoride, while with a sodium content of 0.015 
per cent an average grain size of 45 microns was 
obtained. Calcium has a similar effect. 

For this reason, if hypereutectic aluminum-silicon 
alloys contain sodium or calcium, which generally is 
not the case, these elements would have to be re- 











moved by chlorine fluxing prior to the grain refin- 
ing treatment. 

The extent to which hypereutectic aluminum-sili- 
con alloys are used at the present time for pistons 
in internal combustion engines in Europe has only 
become possible due to the development of grain 
refining methods which can easily be applied and 
always yield good reproducible results. The fine 
grained structure of hypereutectic aluminum-silicon 
piston alloys is of special importance for their ma- 
chinability. 


Excessive Tool Wear 


When large primary silicon crystals are unevenly 
distributed the hard silicon causes excessive wear of 
the tools. The service life of the tools is thus re- 
duced, and uneven heating of the workpiece may 
occur. With the mean linear thermal expansion of 
the alloy being 17.5 x 10 mm/mm C in additional 
rise in temperature of 10C on a piston having a 100 
mm diameter means a variation in diameter of 0.0175 
mm. This, however, is more than the permissible lim- 
it in piston machining. 

On machining fine grained alloys, on the other 
hand, differences in temperature occur to a lesser 
degree; the chips are more uniform and the service 
life of the tools is improved. 

The fine grain size of hypereutectic aluminum-sil- 
icon alloys is of decisive importance for the surface 
quality of the machined pistons. In the case of a 
coarse distribution of the primary silicon crystals they 
tend to be torn out of their environment so that a 
rough surface results, while with a fine homoge- 
neous distribution of the crystals a considerably 
smoother surface is obtained. 


The effect of grain refinement on surface quality is 
demonstrated by measurements taken with the Leitz 
roughness gage, which are shown in Table 3. The 
surface roughness is also of importance regarding 


TABLE 2— SODIUM AND CALCIUM EFFECT IN AN 
ALUMINUM-20 PER CENT SILICON ALLOY (On the 
Refinement of the Primary Silicon with a Mixture of Red 
Phosphorus, Potassium-Chloride and Potassium-Titanium- 








Fluoride) 
Na Content NaContent CaContent CaContent Avg. Dimen- 
before after before after sion of 
Nucleation, Nucleation, Nucleation, Nucleation, Primary 
% % % % Silicon, u 
<0.001 <0.001 <0.001 <0.001 25 
0.007 0.004 <0.001 <0.001 35 
0.008 0.003 < 0.001 < 0.001 $2 
0.015 0.008 <0.001 <0.001 45 
<0.001 <0.001 0.004 0.002 25 
<0.001 <0.001 0.019 0.011 30 
0.017 0.006 0.017 0.005 35 





TABLE 3— SURFACE ROUGHNESS OF MACHINED 
PISTON ALLOYS IN MICRONS 








Casting Grain Rough Fine Turned with 
Alloy Distribution Turned Turned Diamond-Tipped Tool 
AlSi 17 untreated 5 9 2.5 
refined 3 2 1.2 
AlSi 23 untreated 6 4 4.5 
refined $5 2.5 15 
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Fig. 4— Particle size of grain refining agent effect on 
the structure of an aluminum-silicon casting alloy with 
17 per cent silicon. Top — untreated; center — refined, 
edge length of grain refining agent being 140 to 600 
microns; bottom — refined, edge length of grain re- 
fining agent being 20 to 60 microns. 100 X. 


running properties of pistons, gas blow-by and oil con- 
sumption. 

The technological properties of the hypereutectic 
aluminum-silicon alloys are also considerably im- 
proved by the grain refining treatment. At 70 F (20 C) 
and after heating for | hr at 570 F (300 C), alloys con- 
taining 17 to 23 per cent silicon exhibit an increase 
in tensile strength of 10 to 15 per cent and of 25 
per cent in elongation. This is of great importance 
for the use of these alloys in the production of pis- 
tons. 

Other possible applications of these alloys are un- 
der study. Quite recently, a number of tests have 








Fig. 5 — Structure of al ilicon casting alloy 
containing 23 per cent silicon, treated with grain re- 
fining agent. Top without and bottom with subsequent 
chlorine gas treatment. 100 X. 
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been carried out in Europe using this type of alloy 
for making cylinders and cylinder blocks. It was 
hoped that, in view of the good anti-friction proper- 
ties of these alloys, the pistons could run directly in 
the aluminum cylinders. The outcome, however, fell 
somewhat short of expectations. It seems preferable to 
make cylinders and cylinder heads of other aluminum 
alloys and to insert cast iron liners. 


GRAIN REFINEMENT OF 
ALUMINUM-MAGNESIUM ALLOYS 

Aluminum diboride (AIB,), titanium carbide (TiC) 
and titanium diboride (TiB,) are reported to be 
especially effective nucleants for aluminum alloys.5 
In Table 4 the characteristics of these nucleants are 
shown.® 

Magnesium bearing aluminum casting alloys gen- 
erally contain sufficient quantities of titanium and 
boron to effect grain refinement. It is, however, im- 
portant that titanium carbide and/or titanium di- 
boride are formed so that they are surface active and 
that the nuclei created are kept finely dispersed and 
are prevented from segregating. 

In view of the experience gained in refining hyper- 
eutectic aluminum-silicon alloys, it seemed advisable 
to effect nucleation also in aluminum-magnesium 
alloys by means of a chemical reaction in the molten 
metal. When gases containing carbon are passed 
through the aluminum they are decomposed, and the 
extremely finely distributed atomic carbon reacts 
with the titanium present in the melt forming tita- 
nium carbide; the formation of titanium diboride 
also seems to be favored by the reactions taking place 
in the melt. 

The use of hydrogen-containing gases, such as meth- 
ane, did not prove to be successful, as the hydrogen 
released in the reaction between methane and alu- 
minum is rapidly absorbed by the melt and this re- 
sults in porous castings. Compounds containing chlo- 
rine and carbon, among them especially carbon tetra- 
chloride, on the other hand, are suitable for grain 
refining aluminum-magnesium alloys. Carbon tetra- 
chloride is not combustible and does not form an ex- 
plosive mixture with air. Its boiling point is 172.4 F 
(78 C). 

Carbon tetrachloride can thus easily be introduced 
into the melt in the gaseous phase with the aid of a 


TABLE 4— CRYSTALLOGRAPHIC CHARACTERISTICS 








OF NUCLEI 
Smallest Devia- 
Lattice Inter- tion 
Param- atomic from Melting 
Space eter,Ang- Spacing, Alumi- Point, 
Phase Lattice Type strom Angstrom num,% _ F (C) 
Al face- Al a=4.04 2.82 1220 
centered (660) 
cubic 
TiC  face- Bl a=4.315 3.04 6.65 25800 
centered (=~3200) 
cubic 
TiBy densest C 32 a=3.026 3.026 5.8 =~5250 
hexagonal c=3.218 (2900) 
packing 
AIBz densest C 32 a=3.0 3.0 4.9 =4900 
hexagonal c=3.25 (=~2700) 
packing 








preheated carrier gas. Nitrogen proved to be success 
ful as carrier gas. Chlorine or other inert gases ma, 
also be used for this purpose. When chlorine is em 
ployed as carrier gas it must be borne in mind, how 
ever, that magnesium in aluminum alloys reaci 
with the chlorine forming magnesium chloride whic! 
is partly removed from the melt, so that the loss 
has to be made up by the, addition of metallic mag 
nesium in order to maintain the composition of th: 
alloy. 


Aluminum-Magnesium Alloy Tests 

Tests were carried out on an aluminum-magnesium 
alloy containing 4.5 to 5.5 per cent magnesium, 0). |! 
to 0.6 per cent manganese, 0.6 to 1.5 per cent silicon, 
maximum of 0.6 per cent iron, 0.6 per cent copper, 
0.2 per cent zinc, 0.2 per cent titanium and 0.00) 
per cent beryllium as well as approximately 0.0005 
per cent boron, the remainder being aluminum. Of 
this alloy 100 kg were melted, and at 1360 F (740 C) 
100 liters of nitrogen gas at 175F (80C) enriched 
with carbon tetrachloride were passed through the 
metal. 

Thus, 50 cc of carbon tetrachloride were intro- 
duced into the melt; this amount corresponds to 4 g 
of carbon which is sufficient to effect satisfactory re- 
finement. Simultaneously 15 liters of chlorine gas were 
formed in the melt which, as a consequence of its 
fine distribution, affects an especially good degas- 
sing and purification of the melt. In order to remove 
residual gases from the melt, the introduction of 
nitrogen containing carbon tetrachloride is followed 
by a short chlorine gas treatment. 

The grain refining effect of the method described 
is shown in Fig. 6. The difference in the fractured 
structure of an untreated aluminum-magnesium al- 
loy and that of a refined alloy is clearly revealed. 
Figure 7, showing the microstructure of the same 
samples, also illustrates the difference in grain size 
and distribution. 

Similar results as for the aluminum-magnesium al- 
loys containing 4.5 to 5.5 per cent magnesium were 
obtained on aluminum-magnesium alloys with 2 to 
8.5 per cent magnesium. Only with higher magne- 
sium contents was the grain refining action of the car- 
bon tetrachloride treatment no longer fully effective. 

In the case of aluminum-magnesium alloys the fine 
grained structure has also a favorable effect on the 
technological properties, especially on tensile strength 
at elevated temperatures. As can be seen from Table 
5, a fine grained alloy shows a more slight decline in 
tensile strength and a more slight increase in elonga- 
tion with rising temperatures over the range from 70 
to 570 F (20 to 300C) than an unrefined alloy. 

The notched bar impact strength of the alloy 
treated with carbon tetrachloride at 570 F (300) is 
22.4 ft-lb/sq in. (48 cm kg/cm?), and exceeds that 
of the untreated alloy by 8 per cent. The values of 
creep strength at room temperature are likewise 
higher, the increase amounting to 12 to 15 per cent. 

As aluminum-magnesium alloys are preferably used 
for making cylinder heads for air-cooled internal com- 
bustion engines, the increase in tensile strength at 
elevated temperatures obtained by grain refinement 











TABLE 5— MECHANICAL PROPERTIES OF ALUMI- 
NUM-MAGNESIUM ALLOYS CONTAINING 4.5 TO 5.5 
PER CENT MAGNESIUM 
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70 480 570 
(20) (250) __(300) 








0.2% Proof Stress A 
ksi ah wh 6446610 0506 64 6646 OE ESOC ED 17.2 
RS re ee 12.1 


U!timate Tensile Strength 
Before nucleation 


ed cn as nabew kana iu 24.2 19.9 15.6 
a ererrrr re 17.0 14.0 11.0 
After nucleation 
tate ae Sein 5 alsa «cme 28.2 24.2 19.2 
hea ine Gointeb non ees 434 19.8 17.0 13.5 
GI ncn nastheicas nadtees 16.5 22 23 
Elongation on 5.65 VA,% 
Before nucleation ............... 2.2 5.5 10.0 
ABNER UIORTIOR .w 6 oc ccc ccc ccs 2.7 8.3 12.0 
es i pekns seesaea 68 50 20 
Brinell hardness (5/250/30) 
i Niweectenehasseues 100-114 
WM Siaccsxesicanenen ones te 70-80 





is of special importance. In fact, for engines sub- 
jected to high thermal stresses the use of aluminum- 
magnesium alloys for cylinder heads became only 
possible when the tensile strength at high tempera- 
tures was improved by the grain refining treatment. 


CONCLUSIONS 


Summing up the results of the tests carried out, it 
can be said that the most advantageous method for 
grain refining hypereutectic aluminum-silicon alloys 
is a treatment of the melt with a mixture of red 
phosphorus, potassium-chloride and _ potassium-tita- 
nium-fluoride. The edge length of the salt crystals in 
the refining medium should be between 20 to 60 
microns. The salt treatment is to be followed by chlo- 
rine fluxing. 

If the melt treated with. the grain refining agent is 
held prior to casting for a prolonged period, part of 
the grain refining effect is lost. However, it can be re- 
gained by passing chlorine gas through the melt. An- 
other treatment with the salt mixture is not necessary. 

Compared to alloys having coarse primary silicon 
crystals, hypereutectic aluminum-silicon alloys treated 
with the grain refining agent have substantially 
improved machinability, 10 to 15 per cent better ten- 
sile strength and 25 per cent higher elongation. 

To effect the formation of fine grained crystals 
in aluminum-magnesium alloys containing 2 to 8.5 
per cent magnesium, they are treated with carbon 
tetrachloride which is introduced into the melt by 
means of nitrogen as carrier gas. Small amounts of 
titanium (0.2 per cent maximum) and boron (about 
0.0005 per cent) must, however, be present in the 
aluminum-magnesium alloys. 

Compared to the coarse grained aluminum-magne- 
sium alloys, the refined alloys have improved techno- 
logical properties. The grain refining treatment has 
a favorable effect on tensile strength at elevated tem- 
peratures. In the temperature range between 70 and 
570 F (20 and 300 C) tensile strength and elongation 
are more favorable in the case of fine grained alloys 
than in the presence of coarse grains. 
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Fig. 6 — Fractured structure of aluminum-magnesium 
casting alloy with 5 per cent magnesium. Top — un- 
treated; bottom —treated with carbon tetrachloride. 
1X. 
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Fig. 7 — Microstructures of alumi gnesi cast- 
ing alloy with 5 per cent magnesium. Top — untreated; 
bottom — treated with carbon tetrachloride. 100 X. 











HOW DO YOU KNOW 
IT 1S DUCTILE? 


by G. F. Thomas 


ABSTRACT 

The quality control measures used by the author’s 
company in connection with as-cast ductile iron are 
outlined. The step by step procedure used includes 
pouring a sample from the bottom of the last pouring 
ladle to receive iron, checking graphite structure for 
vermicular graphite, pouring Y-block test castings from 
every tenth treatment and checking properties of test 
bars. 


INTRODUCTION 


The author’s company has been producing as-cast 
ductile iron for approximately 214 years. From the 
beginning, the company used the same method to 
establish acceptability of castings, that is, metallo- 
graphic examination of each ladle treated. One might 
say that everything made is assumed not acceptable, 
and the quality control program is set up around this 
assumption. However, until some more positive or 
practical test is developed, present method will be 
continued. Briefly, the program for “knowing it is 
ductile” is as follows. 


PROCEDURE 


The company treats 1400 to 1600 lb of iron. This 
is transferred into one transport ladle and delivered 
to the foundry. Each transport ladle is tagged with a 
number ‘corresponding to the number of the treat- 
ment. 

Two inspectors are permanently stationed in the 
foundry. It is their responsibility to know the ladle 
number on every casting poured, and the time inter- 
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Fig. 1— Control micro lug core and micro lug casting. 
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val between pouring and dumping for each casting. 
These inspectors have no other duties and are sep 
arate from the regular quality control inspectors. 


Pouring Sample 


Iron is transferred from the transport ladle to 300 
Ib teapot type pouring ladles. From the bottom of the 
last pouring ladle to receive iron, a sample measuring 
Y4-in. wide x | in. high x 3 in. long is poured into an 
open top core. Although data to substantiate this are 
lean, it is felt that this sample represents that part 
of the treatment which would be most likely to con- 
tain the worst graphite structure (Fig. 1). 


The sample is then quenched, fractured so that the 
final specimen is 14-in. wide x | in. high x | in. long, 
a flat is ground and the sample is polished through 
600 grit paper by a technician. Examination of 
graphite structure is made at 100. The total time 
between pouring and microscopic examination is of 
the order of 2 min. A lag of one to two treatments 
generally exists between knowing graphite structure 
and magnesium treatment. 


Graphite Structure 


Any trace of vermicular (or wormy) type graphite 
is reported immediately to the metallurgist so that 
corrective steps can be taken. Normally, change in 
graphite structure is gradual enough so that an excess 
of vermicular graphite can be avoided. Ten per cent 
of the graphite present may be vermicular and be 
classified acceptable. Figure 2 shows an acceptable 
graphite structure, and Fig. 3 shows an unacceptable 
structure, 20 - 30 per cent vermicular graphite. 


The author’s company has settled on the figure 10 
per cent as a result of statistical study of the effect of 
vermicular graphite on predicted physical properties 
of ductile iron.* Figures 4, 5 and 6 show the effect of 
vermicular graphite on predicted tensile strength, 
yield strength and per cent elongation. It is obvious 
from these curves that up to 10 per cent vermicular 
graphite may be tolerated with only minor reductions 
in physical properties. The minimum specification in 





*“Ductile Iron — As-Cast and Annealed Properties,” E. McCul- 
lough. J. Peck and A. Rauch, AFS TRANSACTIONS, vol. 67, p. 187 
(1959). 
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Fig. 2 — Acceptable graphite structure in control micro 
casting. 
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Fig. 4 —- Average change in tensile strength to per cent 
vermicular graphite relationship in as-cast ductile iron. 
T.S. (psi) = -1380—189 (% vermicular graphite) 95% 
confidence limits = +1750. 
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Fig. 3— Unacceptable graphite structure in control 
micro casting. 
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Fig. 5 — Average change in yield strength to per cent 
vermicular graphite in as-cast ductile iron. Y.S.(psi) 
= -1250—65 (% vermicular graphite) 95% confidence 
limits = +710. 
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Fig. 6— Average change in elongation to per cent 
vermicular graphite relationship in as-cast ductile iron. 
El(%) =-0.70—0.12 (% vermicular graphite) 95% 
confidence limits = +2.6. 


a 1 in, Y-block is 80,000 psi tensile strength, 53,000 
yield strength and 6 per cent elongation. 


Should 10 per cent or more vermicular graphite be 
observed in the test sample, a hold is immediately 
placed on all castings poured from that treatment, 
i.e., molds are held on conveyors and are not allowed 
to be dumped. A small casting, poured in the vicinity 
of the original sample, is immediately dumped and 
fractured for microscopic examination. The presence 
of vermicular graphite in the casting is cause for all 
castings from this treatment to be segregated. These 
castings are stored for further microscopic examina- 
tion at a more convenient time. Production is not 
delayed when this procedure is followed. 


The cause for not having absolute faith in the 
micro examination of the test sample is quite simple. 
It is often the case that the sample is taken from the 
“dregs” or last iron in the ladle. With teapot ladles 
any slag will, of course, remain on top of the iron 
until the last iron is poured from the ladle. If slag is 
not covering the iron surface in the ladle, and since 
this top surface is constantly exposed, the magnesium 
on the surface could be lost as MgO, producing a film 
of iron that is not nodular. Slag mixed in the test 
sample will be black under a microscope and appear 
to be vermicular graphite. 


Y-Block Test Castings 


In addition to the control sample poured on each 
ladle, Y-blocks are poured from every tenth treatment. 


These vary from A.S.T.M. specifications in that the, 
are 83% in. instead of 6 in. in length. This extra lengt! 
provides a sample used for chemical analysis of th: 
iron which is immediately adjacent to the test ba: 
Elements run on this sample include percentages o 
Mg, Ni, Si and Mn. Brinell hardness is also taken o1 
this lug. Chilled pins are cast for analysis of per cen: 
carbon and sulfur. 


A 0.505 in. tensile bar with grip ends is cut fron 
the bottom | in. of the Y-block on a tracer lathe 
Tensile strength, yield strength at 0.2 per cent offse: 
and per cent elongation in 2 in. is determined on 
this bar. 

This completes the first and most important phas: 
of the operation — knowing that it is ductile. 


You will note, however, that only as-cast ductile 
iron is produced. For the castings to satisfy the hard 
ness specification, 197 - 255 Bhn, which has been pur 
posely set up identical to the company’s pearlitic mal- 
leable iron specification, dumping time must be care- 
fully controlled. Castings must be dumped below the 
lower critical temperature of 1300 F to avoid excess 
amounts of pearlite in the matrix. Dump times range 
from 30 min up to 2 hr, according to casting section 
size. 

Originally a minimum section size of 14-in. was set 
up, feeling that Bhn could not be controlled on sec- 
tions under this size. The popular feeling now is that 
these small sections may be cast providing there is no 
machining in that area. A casting consisting entirely 
of thin sections is not acceptable however, due to the 
probable presence of carbides. 


QUALITY CONTROL CHECKS 


Quality control checks are made on Bhn to deter- 
mine if castings are within the 197 - 255 range. In the 
event castings are found above specification, the fol- 
lowing is performed. 

The casting is submitted to the metallurgist so that 
the cause of high hardness, either excess pearlite or 
the presence of carbides, may be determined. With 
excess pearlite, castings are given a sub-critical anneal 
at 1250 F for 2-3 hr and slow cooled. With carbide, 
castings are annealed at 1700 F for 2 - 3 hr. 


Soft castings are also rejected due to the low physi- 
cal properties that accompany low hardness. Soft 
castings are normalized at 1650 - 1700 F, air quenched 
and then drawn back to the desired hardness. 

Of the three heat treatments noted above, the most 
common is the sub-critical anneal; the cause in most 
cases being fast dump times. The problem revolves 
around balancing mold production, conveyor space, 
dump time and melting rate. To emphasize this point, 
an example might be worth while. One particular job 
made on small cope and drag machines required 4 
roller conveyors when it was made in pearlitic mal- 
leable iron. The job is now ductile iron and requires 
6 roller conveyors. Every effort is made to have high 
mold production, long dump time jobs poured up as 
tight as possible to avoid loss of mold production. All 
of these efforts are made for one purpose — to avoid 
premature dump time and hard castings. 

















FLUIDITY OF 85-5-5-5 


AND COMPOSITION M METAL 


ABSTRACT 


The vacuum fluidity test was employed to determine 
the effect of superheat and metal head on the fluidity 
of 85-5-5-5 and Composition M Metal. For equal 
superheat 85-5-5-5 exhibits less fluidity than Composi- 
tion M Metal. The fluidity of 85-5-5-5 was doubled 
and Composition M Metal tripled with 400 F super- 
heat. Experiments showed that at 2250F the fluidity 
of 85-5-5-5 increased by about 90 per cent for metal 
heads between 15.7-32.7 in. of liquid copper. 

The effect of various mold coatings on alloy fluidity 
was also studied, by employing double spirals cast from 
the same gating system. 0.004 in. coatings of hexa- 
chloroethane and SnCle on sand molds increased the 
fluidity of 85-5-5-5 and Composition M Metal by 300- 
50 per cent between pouring temperatures of 2025 F 
and 2100F. Lamp black was more effective than 
hexachloroethane or SnCle in increasing the fluidity of 
85-5-5-5 above 2100 F and Composition M Metal at 
pouring temperatures greater than 2200 F. The insulat- 
ing properties of the mold coatings account for any 
increase in metal fluidity. 


INTRODUCTION 


Foundrymen often experience difficulty in pour- 
ing thin walled or intricately shaped castings. 
Either the castings do not fill completely or their 
strength is lowered by cold shuts and uncontrolled 
shrinkage. In bronze alloys used as valve materials 
designs previously thought too difficult to produce 
by foundry techniques may be possible if the flu- 
idity characteristics of the alloys and the influence 
of mold coatings on metal fluidity were understood. 

Fluidity, in the foundry sense, is the ability of 
molten metal to fill a mold. It can also be defined 
as the distance that liquid metal flows in some 
standard mold cavity. The foundry definition of flu- 
idity should not be confused with the more precise 
physical definition of fluidity, 1/viscosity. Fluidity, 
by the physical definition, is a unique physical con- 
stant of a metal at a certain temperature. In foundry 
terminology it is a complicated concept dependent 
not only a) on the metal concerned, but also on b) 
the mold materials, c) the mold shape and d) the 
pouring conditions. 

“Composition M” and “85-5-5-5” are common 
valve materials, but fundamental knowledge of the 
fluidities of the above alloys is limited. Therefore, 
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experimental work was carried out to determine 
the effect of superheat and pressure head on the 
fluidities of the. two alloys by employing the vac- 
uum fluidity test.1 Second, work was also performed 
in order to observe the influence of various sand 
mold coatings on the fluidities of the above alloys. 


LITERATURE REVIEW 


In order to study the fluidities of metals and 
alloys, and to be able to understand and predict the 
factors which affect fluidity, several tests have been 
devised to measure the ability of molten metal to 
fill standard test molds. The earliest test was em- 
ployed to measure the fluidity of commercial cast 
iron.2, The distance that cast iron filled an elon- 
gated horizontal wedge was taken as a measure of 
fluidity. Ruff? poured metal into a long thin cylin- 
drical channel molded in sand. The channel was 
difficult to keep level and it was hard to prevent a 
mismatch of the mold. Here again though, fluidity 
was defined as the length to which the channel com- 
pletely filled before the metal solidified. 


A U-shaped test mold has also been used.4 In 
this test metal flows along a runner and into several 
vertical tubes of various cross-section. The height to 
which the tubes fill is the measure of fluidity. For 
those alloys having high fluidity, the height of the 
tube of smallest cross-section is measured. For low 
fluidity metals the height of the tube of largest cross- 
section is used as the measure of fluidity. 

Saito and Hayashi5 made the long thin channel 
test more suitable for foundry application by bending 
the channel into a spiral. Since then, the fluidity 
spiral has become the most popular type of fluidity 
test and numerous modifications of the original mold 
design have been used; the cross-section of the spiral 
has been circular, semicircular, rectangular or trape- 
zoidal, depending on the surface to volume ratio de- 
sired. 

Several researchers have studied the effect of 
chemistry on the fluidity of red brass by employing 
the spiral test specimen.*-7 Halliwell® also applied 
the fluidity spiral and noted the importance of 
metal head on the fluidity of bronze alloys. 

Flemings et al® employed a double spiral to 
study the effect of various mold coatings on the flu- 
idity of aluminum alloys. Two spirals were fed from 
a common gating system. Only one spiral was 


. treated and the lengths to which each spiral filled 
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Fig. 1— Fluidity vs. composition for the aluminum- 
copper system at various pouring temperatures (Flem- 
ings, et al®). 


was compared. The same test method was utilized 
by filling two thin plates from a common gating 
system and comparing the volumes of metal that 
filled each plate after one-half of the mold was 
treated. 


Vacuum Fluidity Test 


Ragone et al! designed a vacuum fluidity test 
method which is capable of applying an instantaneous 
pressure head. Low melting point alloys were made 
to flow directly from a crucible into pyrex tubes by 
a partial vacuum applied at the free ends of the 
tubes. They were able to study the important metal 
variables in fluidity and to predict the fluidity from 
quantitative calculations. Other investigators have 
used this method in determining the fluidity of light 
metal alloys.1% 11,12 The disadvantage of this test, 
from the practical foundryman’s viewpoint, is that it 
does not permit the study of the effect of mold or 
mold-metal variables on fluidity. However, the test 
is ideal for investigating the effect of metal solidifca- 
tion variables on fluidity. 

The relationship of superheat and composition to 
fluidity is shown in Fig. 1. Obviously, the hotter the 
metal when poured, the longer it takes for the metal 
to cool to temperatures at which it can no longer 
flow. The fluidities of pure metals have been found 
to double, and the fluidities of alloys have been tri- 
pled, with an increase of only 200 F superheat.12 

Fluidity varies inversely with the freezing range of 
the alloy. The greater the temperature range be- 
tween the start and end of solidification, the less the 
fluidity. This dependence on composition is due to 
the different manner of solidification of metals having 
short freezing ranges and alloys with large freezing 
ranges. 10.11,12 Therefore, for equal superheat fluidity 
is a maximum for pure metals and eutectic composi- 
tions. 


The insulating ability of molds is important whe | 
considering metal fluidity. If the mold is insulati; 
freezing and stoppage of flow will be delayed. Mo 
ture content and mold facings are also important {: 
their insulating abilities. Flemings et al® demo 
strated that a thin coating of hexachloroethane . 
the mold surface tripled the fluidity of aluminu: 
because it provided an insulating layer of chlori: 
gas between the metal and mold. 


METAL FLUIDITY 


In place of a spiral mold to measure metal fluidity, 
a vacuum fluidity test has been developed whereby an 
instantaneous metal head can be applied.! This test 
eliminates sand mold and mold-metal variables, and 
presents an opportunity to study the effect of just 
metal solidification variables on fluidity. 


EXPERIMENTAL PROCEDURE 


Twenty-five lb of 85-5-5-5 or Composition M ingot 
were melted in an MgO crucible set in a 30 Ib capac- 
ity 20 kw induction furnace. Zinc losses during melt- 
ing were compensated for by adding 2 oz of zinc for 
each 25 lb of ingot melted prior to deoxidizing with 
copper-15 per cent phosphorus shot. 

Temperatures were recorded with a platinum-plat- 
inum 10 per cent rhodium thermocouple protected 
with a silica sheath. The temperatures were read from 
a Leeds-Northrup recorder which was checked with a 
Brown potentiometer before and after each experi- 
ment. 

A partial vacuum was produced in a Bell jar by a 
water pump aspirator and the pressure difference 
measured on a mercury manometer. The top of the 
jar was sealed with a rubber stopper coated with a 
viscous salve. The bottom was sealed with a l4-in. 
thick rubber sheet coated with salve. 

The metal was brought to some high temperature 
(2375 F) and allowed to cool in the crucible. At sev- 
eral predetermined lower temperatures a vycor tube 
(0.150 in. I.D.) connected to the Bell jar was dipped 
into the melt below the slag, and the pinch cock 
opened allowing the metal to fill the tube to some dis- 
tance (Fig. 2). The vacuum (pressure head) was 
checked with a mercury manometer calibrated in in. 
of liquid copper and the used tube was replaced. A 
“head” of 19 in. of liquid copper was maintained 
throughout all of these experiments. The melt cooled 
to the next desired lower temperature and another 
sample was taken in the manner described above. Us- 
ing this procedure, five to eight fluidity samples were 
obtained with each heat before the metal was finally 


pigged. 
Fluidity Channel Analysis 


Chemical analyses were obtained after each heat 
from drillings of melt samples and from fluidity speci- 
men slices. Analyses of the fluidity channels were 
made from 14-in. long sections taken at several loca- 
tions along the specimen length. 

The pressure head was measured with a mercury 
manometer and converted to in. of liquid copper by 
use of the equation:! 
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THERMOCOUPLE 











Fig. 2 — Schematic diagram of equipment used 
to measure metal fluidity by vacuum fluidity 
test. 





H, 
APo, = OPu, sCu —AZ 
where 
AP, = metal head in inches of liquid Cu. 
APy, = pressure difference in inches of Hg. 
pHg = density of Hg. 
pCu = density of liquid Cu. 
AZ = difference in height of metal in cruci- 
ble and level part of tube. 


Superheat Effect 


The length to which the vycor tubes filled in the 
vacuum fluidity tests is considered as the measure of 
alloy fluidity. Fluidity vs. temperature for 85-5-5-5 and 
Composition M are plotted in Fig. 3. The curves 
show that the fluidity of Composition M Metal is 
tripled and the fluidity of 85-5-5-5 is doubled 
with 400 F superheat. Between 2100 F and 2200 F the 
fluidity of 85-5-5-5 increases 18 per cent, and that of 
Composition M increases 25 per cent. Thus, in the 
temperature range of practical importance, it pays to 
pour the alloys quickly before they can cool. 


Metal Head Effect 


The fluidity of 85-5-5-5 at 2250 F increased about 
90 per cent when the metal head, converted to inches 
of liquid copper, was doubled. The results of the test 
are plotted in Fig. 4 for metal heads of 15.7 to 32.7 in. 
of copper. The apparatus used was not suitable 
for studying smaller metal heads, but it is expected 
that fluidity would increase slightly more rapidly with 
only small increases in pressure for metal heads be- 
low 15.7 in. 

A foundry may reduce its scrap loss on a casting that 
is prone to misrun by utilizing the effect of pressure 
on fluidity. An upset could be placed on the cope in 
order to increase the sprue height a few inches. Bot- 
tom pour ladles would be useful here also; or a pour- 
ing basin made of core sand might be placed on top 
of the cope to allow not only for a greater metal 
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head, but also a smoother flow. Also pouring fast 
would build up the metal head more rapidly, and 
thus help fill the mold cavity completely. 


MOLD COATINGS 


The standard double spiral and plates employed by 
Flemings et al® was used to study the effect of various 
molds coated with hexachloroethane (a chlorinated 
hydrocarbon), SnCl, and lamp black on the fluidities 
of 85-5-5-5 and Composition M Metal. Figure 5 shows 
two spirals 28 in. long having a rectangular cross-sec- 
tion, 0.50 in. wide and 0.125 in. thick, which were 
fed from a common gating system. Both spirals were 
molded in the cope. The 10 in. runner, with a 1.0 x 
0.50 in. rectangular cross-section was molded in the 
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TEMPERATURE, °F 
Fig. 3 — Fluidity of 85-5-5-5 and composition M metal 
as a function of temperature (obtained by using vacuum 
fluidity test). 
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METAL HEAD, INCHES LIQUID COPPER 


Fig. 4— Fluidity of 85-5-5-5 as a function of metal 
head measured in inches of liquid copper at 2250 F. 


The large runner served to minimize turbulence 
and dross, and ensured that a constant head would be 
attained before metal entered the spirals. The fluidi- 
ties of the coated and uncoated spirals are easily com- 
pared after casting the alloy through the common gat- 
ing system. The relative increase in metal volume due 
to the mold coatings can also be seen when double 
plates are cast with a common gating system. 


EXPERIMENTAL PROCEDURE 


In this phase of the work all of the molds were 
hand rammed in regular 17 in. x 12 in. flasks. The 
molding material used was synthetically bonded 








green sand (washed and dried Marion Sand AFS 9: 
105). The moisture content averaged 4.0 per cen: 
Vent holes (14-in.) were provided at the end of eac\: 
spiral to permit the escape of mold gases. When mol 
ing double plates, six vent holes were incorporate:' 
into the mold at the farther end of each plate. A 
pouring basin also was incorporated in the mold i: 
order to maintain a constant metal head when pou: 
ing. 

The cope and drag sides of one of the double sp: 
rals were treated with hexachloroethane (C,C],), 
SnCl, or lamp black. C,Cl, was either sprayed o: 
dusted onto the mold surfaces through a 200 mes! 
screen just before closing the cope and drag. The 
SnCl, and lamp black were dusted on. When spraying 
C,Cl, onto the mold a spray was prepared by dissolv- 
ing C,Cl, crystals in ether. The resulting solution was 
then applied to the mold surface with a spray gun. 
The ether immediately volatilized leaving a white 
coating of C,Cl, on the mold surface. The coating 
thickness was determined by placing a thin flat plate 
next to the surface being sprayed and measuring the 
increase in thickness of the coated plate with a mi- 
crometer. Coating thickness averaged 0.004 in. 

Thirty lb of Composition M or 85-5-5-5 ingot were 
melted in a clay graphite crucible set in a 175 kw lift 
coil induction furnace of 150 lb capacity. 214-02 zinc 
was added during melting for compensation of zinc 
losses, and the heats were deoxidized with copper-15 
per cent phosphorus shot prior to pouring. 

The metal was heated to about 2350 F, and five 
double spirals were rapidly poured at various tempera- 
tures as the melt cooled. Temperatures were read with 
a chromel-alumel thermocouple sheathed in a graph- 
ite tube, and connected to a Leeds-Northrup record- 
ing device which was checked before each heat with 
a Brown potentiometer. After the molds were shaken 
out, the relative increases in fluidity due to the mold 


Fig. 5 — 85 5-5-5 double spiral fluidity cast- 
ing showing gating system used. Control spiral 
is at left and spiral coated with lamp black is at 
right. 














coatings were recorded by measuring the lengths of 
the coated and uncoated spirals (Fig. 6). Double plates 
were cast in the same manner after coating one plate 
with C,Cl,. The relative increase in metal volume 
due to the mold coatings was easily seen (Fig. 7). 

Experiments were also performed by dusting the 
material onto mold surfaces instead of spraying it on. 
When dusting SnCl, and lamp black onto the mold 
surfaces coating thicknesses were measured in the 
manner described above. 


RESULTS 


Figures 8 and 9 are plots of fluidity vs. pouring tem- 
perature for the uncoated halves of the double spi- 
rals when cast with Composition M Metal and 85-5-5-5. 
Fluidity increases linearly with pouring temperature 
in both cases, but 85-5-5-5 exhibits less fluidity than 
Composition M Metal for equal superheat. 

The effect of hexachloroethane and SnCl, coated 
molds are shown in Figs. 10 and 11. There was no ap- 
preciable variation in fluidity when C,Cl, was either 
sprayed or dusted onto the mold surfaces. 

Figures 12 and 13 show the effect of lamp black 
mold coatings on the fluidities of Composition M 
Metal and 85-5-5-5. 

At pouring temperatures between 2025F and 
2100 F molds coated with C,Cl, or SnCl, increase the 
fluidity of Composition M Metal and 85-5-5-5 from 
300-50 per cent. The effectiveness of the coatings de- 
creases rapidly at pouring temperatures greater than 
2100 F (Fig. 14). 

Lamp black increases the fluidity of Composition 
M Metal at pouring temperatures greater than 2200 F. 
However, at temperatures below 2150 F, lamp black 
is ineffective in aiding the fluidity of this alloy 
(Fig. 14). 

Figure 14 also shows that lamp black is more effec- 









Fig. 7 — Relative increase in volume of com- 
position M metal due to coating part of sand 
mold with CoClg. Plates were 4 x 9 x 8 in., and 
were fed from a common gating system. The 
untreated control plate is at left. The mold at 
right was treated with a 0.004 in. CoClg coating. 





Fig. 6 — Relative increase in fluidity of 85-5-5-5 at 
various pouring temperatures due to lamp black coated 
sand molds. The treated half of the test molds are at 
right; the untreated control spirals are at left. 


tive in increasing the fluidity of 85-5-5-5 than C,Cl, 
or SnCl, at temperatures above 2100 F. At pouring 
temperatures below 2100 F molds coated with C,Cl, 
or SnCl, are more efficient than lamp black in increas- 
ing the fluidity of 85-5-5-5. 
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POURING TEMPERATURE, °F 


Fig. 8 — Fluidity of composition M metal vs. pour- 
ing temperature for the uncoated control spiral. 


DISCUSSION 


Flemings et al theorized that the chlorine gas, gen- 
erated by contact of molten aluminum with hexachlo- 
roethane mold coatings, produced an insulating at- 
mosphere between the metal and mold. Thus, the lig- 
uid metal retained its heat longer and therefore ran 
farther. Since hexachloroethane sublimes at 560 F, it 
was felt that the generated gas might dissipate and be 
less effective when pouring bronze alloys from 2200 F 
than when casting aluminum. 


Therefore, molds were coated with SnCl,, which 
generates chlorine at a higher temperature (1154 F). 
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POURING TEMPERATURE ° F 
Fig. 10 — Fluidity of composition M metal vs. pour- 
ing temperature for spirals coated with CeClg and 
SnCly. The increase in fluidity due to the mold coat- 
ing is compared to the fluidity of the alloy cast into 
the uncoated control spiral. 
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POURING TEMPERATURE , °F 
Fig. 9 — Fluidity of 85-5-5-5 vs. pouring temperature 
for the uncoated control spiral. 


Results showed that the chlorine generated from 
either compound is equally effective at the pouring 
temperatures studied, since no appreciable variation 
in metal fluidity was noticed. 

Lamp black an amorphous carbon used by foundry- 
men as a mold coating for centuries is an effective in- 
sulator. Its fine feathery nature contributes to its ther- 
mal insulating properties. The thermal. conductivity 
of lamp black is more than 100 times less than that of 
carbon. Therefore, it was originally expected that 
lamp black would greatly influence fluidity at all 
pouring temperatures studied. 

The results show that for pouring temperatures be- 
low 2150F the chlorine generating compounds in- 
crease fluidity to a greater degree than lamp black 
coated molds. At higher pouring temperatures lamp 
black was more effective in increasing metal fluidity 
than C,Cl, and SnCl,. This is probably due to the 
dissipation of the chlorine atmosphere, which de- 
creases in insulating ability with increasing metal tem- 
perature. 


Alloy Chemistry Influence 


Perhaps the most important factor influencing vari- 
ation in the results is alloy chemistry. The material 
used was melted in the form of commercial ingots. 
Specifications call for chemistries which can vary as 
much as 3 per cent in alloy content. 








Composition M 85-5-5-5 
SE ere rs 86.0 - 89.0 84.0 - 86.0 
EE 6 ors verbs csirne have as SOS 5.5- 6.5 4.0- 6.0 
NE 6 io b% rach 7 mkv eae ge 1.0- 2.0 4.0- 6.0 
osc pire spa mkeisaee cade 3.0- 5.0 4.0- 6.0 
EE en Pe ne vee ee 1.0 max 1.0 max. 
RN hs iad cise Se Wages et bonne 0.25 max. 0.30 max. 
ee hy SE rere 0.05 max 0.05 max. 





Fluidity can be affected by small variations in the 
lead or phosphorus content since these elements can 
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POURING TEMPERATURE ° F 
Fig. 11— Fluidity of 85-5-5-5 vs. pouring temperature 
for spirals coated with CoClg and SnClo. The increase 
in fluidity due to mold coating is compared to fluidity 
of the alloy cast into the uncoated control spiral. 


exist as liquid at relatively low temperatures. Com- 
mercial ingots were used, however, so that the work 
more closely represented common foundry practice. 
Therefore, the data obtained are meaningful to the 
practical foundryman. 


It has been shown that fluidity is a function of coat- 
ing thickness also. Difficulties in applying even coat- 
ings were encountered, and this no doubt caused scat- 
ter in fluidity results especially when the compounds 
were dusted onto the mold surfaces. 

Castings produced in molds coated with C,Cl, and 
SnCl, resulted in discolored surfaces. The discolora- 
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POURING TEMPERATURE ° F 


Fig. 13 — Fluidity of 85-5-5-5 vs. pouring temperature 
for spirals coated with lamp black. Increase in fluidity 
due to mold coating is compared to fluidity of alloy 
cast into uncoated control spiral. 
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Fig. 12 — Fluidity of composition M metal vs. pour- 
ing temperature for spirals coated with lamp black. 
Increase in fluidity due to mold coating is compared 
to the fluidity of the alloy cast into uncoated control 
spiral. 


tion ‘was removed by sand blasting. It was also no- 
ticed that if the molds were not sufficiently perme- 
able, or if a vent was not incorporated in the mold, 
the cast fluidity spirals exhibited dished or gassy sur- 
faces due to the evolution of chlorine. This was elimi- 
nated when proper venting was employed. 

Molds coated with lamp black produced castings 
with rougher surfaces than the uncoated molds. How- 
ever, sand blasting reduced surface roughness consid- 
erably. 

Since the coating thicknesses are measurable, they 
would detract from the dimensions of any casting. 
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POURING TEMPERATURE °F 
Fig. 14— Percentage increase in fluidity due to vari- 
ous mold coatings vs. pouring temperature for 85-5-5-5 
and composition M metal. 
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DISTANCE, INCHES FROM MELT 


Fig. 15 — Composition of lead, tin and zinc along the 
lengths of two vacuum fluidity specimens. 85-5-5-5 
sample was taken at 2250 F and composition M metal 
at 2350 F. 


Therefore, in the design of patterns tolerances should 
be allowed for coating thickness. 


Porosity and Shrinkage Effect 


Shrinkage and porosity no doubt influence metal 
fluidity. Several vacuum fluidity samples were sec- 
tioned and polished, and some porosity was exhibited 
after etching. After examination it was decided that 
the shrinkage and porosity obtained during the course 
of the research was not sufficient to appreciably af- 
fect the results. Second, the methods used in this study 
are similar to conditions experienced in commercial 
practice, and therefore the results are directly appli- 
cable to common foundry practice. 

Raising the temperature of the heats to 2350F 
could permit zinc to escape faster and allow for ab- 
sorption of gases. These facts could account for some 
variation in the results. However, analyses taken 
along the length of several vacuum fluidity test speci- 
mens indicated that if there was any loss of zinc at ele- 
vated temperatures it was low, because the zinc con- 
tents fell within commercial limits (Fig. 15). 

A practical method for increasing the fluidity of 
85-5-5-5 and Composition M Metal is to dust fine 
lamp black onto the sprues, gates and risers. The ma- 
terial could be applied by dusting it through a fine 
meshed bag onto the mold. The increase in fluidity 
would not be exceptionally great, but in many cases 
the effect of insulating the gates and risers could be 
enough to overcome previous insufficient metal flu- 
idity. 


CONCLUSIONS 


1) For equal superheat 85-5-5-5 exhibits less fluidity 
than Composition M Metal. 

2) The fluidity of 85-5-5-5 is doubled and Composi- 
tion M Metal tripled with 400 F superheat. 

3) The fluidity of 85-5-5-5 increases 18 per cent be- 

tween 2100-2200 F. 





4) The fluidity of Composition M Metal increas ; 
25 per cent between 2100-2200 F. 

5) At 2250 F the fluidity of 85-5-5-5 increases abo 
90 per cent for metal heads between 15.7-32.7 
(inches of copper). 

6) Hexachloroethane and SnCl, coated molds 
crease the fluidity of Composition M Metal 
300 per cent at 2025 F and by 35 per cent 
2150 F. 

7) Hexachloroethane and SnCl, coated molds ji 
crease the fluidity of 85-5-5-5 by 300 per cent « 
2025 F and by 30 per cent at 2150 F. 

8) Lamp black increases the fluidity of 85-5-5-5 by 
50 per cent at pouring temperatures between 
2100 and 2300 F. 

9) Lamp black effectively increases the fluidity of 
Composition M Metal at pouring temperatures 
in excess of 2200 F. 

10) Hexachloroethane and SnCl, are most effective 
in aiding the fluidities of 85-5-5-5 and Composi- 
tion M Metal at pouring temperatures below 
2150 F. 

11) The increase in metal fluidity is a result of the 

insulating properties of the mold coatings. 
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PATTERN AND CORE BOX 






EQUIPMENT FOR BLOWING 


venting and design 


ABSTRACT 


Important factors in the venting and design of pat- 
tern and core box equipment are reviewed by the 
author. Less venting is required for the more flowable 
sands, and conversely greater vent area is required 
when using sand of high green strength. The faster the 
air required to move a given volume of sand into the 
core box cavity escapes, the greater is the sand impact 
in the core box and the greater is the core density. 
Blow hole and vent diameter used to accommodate the 
air needed to move the sand determines the density 
and quality of the mold or core being blown. 


INTRODUCTION 


Recently figures of tremendous magnitude have 
been brought to light in the foundry industry. 
These figures represent specific investments made 
by the industry over the past ten years. Two of 
the most important of these fields of investment 
were mechanization and modernization. These were 
made for the purpose of eliminating the drudgery 
of foundry operation and to improve our product 
physically and chemically while giving it greater di- 
mensional accuracy. 

As foundry equipment manufacturers the author's 
company naturally is interested in the day to day 
trends of our industry. It is rather interesting to 
note therefore, that while tonnage has increased, the 
number of foundries in the United States and Can- 
ada has decreased approximately 4 per cent. Sta- 
tistics reveal that the increased tonnage is attributed 
to the increase in automation and mechanization 
in the industry. Almost without exception the found- 
ries that have closed their doors are the ones that 
have failed to recognize the importance and neces- 
sity of mechanization to be competitive in price and 
quality. 

Investigation of various mechanization programs 
shows that there were more blowers purchased by 
the foundry industry during 1958 and 1959 than 
during any like period of the past. Previously found- 
rymen thought that only the select few highly spe- 
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cialized production foundries could economically 
produce quantity and quality cores of various sizes 
and shapes. This is no longer true. This new blow- 
ing equipment is now responsible for numerous 
semi-production and jobbing foundries reporting in- 
creased quantity and types of cores now being 
blown. 

Although it is not felt that the blowing of sands 
for any one of the number of processes (shell, CO,, 
resin bonded sands or molding sands) is the answer 
to all of the foundry’s ailments, it is felt that if 
properly practiced it can be a step in the right di- 
rection. In the majority of castings, coring the 
holes and cavities is much more important and 
costly than are the outside surfaces. 

It has been the author's company’s observation 
through years of experience that the successful prac- 
tice of blowing sand consists of a number of major 
factors which this discussion will endeavor to consider. 


RIGGING BOXES FOR SAND 
BLOWING MACHINES 

The pattern maker and the maintenance man 
(while they are sometimes taken for granted) are 
much more of a factor in the economical and suc- 
cessful operation of blowing sands than is realized. 
This fact is evidenced everyday by the gunny sacks, 
canvas and steel screens that surround blowers to 
prevent sand that is coming through the joints of 
the core boxes and seals of the magazine from in- 
juring the operator and his fellow employees. These 
conditions can be controlled by proper rigging. 

In some cases this condition comes about by oper- 
ators attempting to blow core boxes with greater 
surface area than that for which the machine was 
built. This causes the box to separate at the joint 
or sand magazine seal. Some blowing machines are 
designed and rated with more vertical clamping 
pressure (force to hold the box together during the 
blow) than internal blow pressure in the cavity of 
the core box while the core is being blown. In most 
cases, however, it is a matter of the core box equip- 
ment being properly rigged for the green proper- 
ties of the sand and the density of the core required. 
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Fig. 1— Examples of sealed core box which prevents 
frequent major repairs and improves core quality. 
Blowing out of sand at the joints is eliminated. 


Another of the qualities required of the manu- 
facturer of core-blowing machines is parallelism be- 
tween the table and the blow plate. Parallelism of 
the parting lines, (the top and bottom surfaces) are 
measures of the quality of the core box manufac- 
turer. Parallel surfaces are essential for the sealing 
of mating surfaces. 

It is the author’s company’s opinion that to as- 
sume responsibility for rigging core boxes and pat- 
terns for blowing, the craftsman must first know the 
fundamentals and the basic principles of blowing. 
Only then can correct sizes and vent areas (slot type, 
metal, plastic or screen) be installed—and in the 
correct locations. 

Generally, slotted vents are used on casting sur- 
faces of the core and leave a minimum blemish. 
Screen vents are used on core prints or unimportant 
surfaces of the core. For a given diameter, screen 
vents exhaust more air than do the slotted type. 

Blow holes and agitators are equally important. 
Correct sizes of blow holes, various shapes and 
proper locations can only be arrived at when the 
sand properties are known. It must also be de- 








termined whether or not agitators are to be used 
in the sand magazine. They definitely have a bea: 
ing on the proper rigging. 

Where air gets through the vents a portion of t!. 
fines in the sand are bound to get through. The 
operator should be protected against this, but tix 
need for screens of any type around the machine can 
be definitely eliminated by proper rigging. 


Proper Sealing 

In high production core boxes and patterns 
proper sealing is a must. The most careful core 
blower operator will, when working with sand, leave 
sand grains in sufficient numbers on the partings 
to cause the sand to blow out. First the air blows 
out of the natural vent provided by the sand grains 
at the joints; then the fines follow and eventually 
the larger grains, which act as abrasives. Within a 
matter of hours major repairs are required on the 
partings of the core boxes. This is especially true 
on the irregular partings. 

Figure 1 shows an example of a properly sealed 
core box. When the core box is thus sealed, it not 
only prevents frequent major repairs, but it also 
improves the quality of the core and eliminates com- 
pletely the blowing out of sand at the joints of the 
core box. It is a definite safety factor. 

It is a good policy for the craftsman rigging the 
core boxes to be ever mindful of the fact that 
proper operating procedures dictate that the core 
surface area should not exceed that of the dia- 
phragm or piston in the vertical clamp, depending 
upon the type of blower being used. This problem 
can be partially overcome by using the vent area 
in the core box pattern and blow plate. The com- 
bined vent area determines the percentage of core 
box or pattern surface area that can be overcome. 

It is important also to note that core boxes must 
be designed and constructed so that there is suf- 
ficient area for the installation of proper seals. 
Equipment that has served for years on other types 
of core making machines or benches can, and have 
in many cases, been successfully rigged for blowing. 
This also includes sealing. The fact still remains, 
however, that equipment can best be rigged for 
quality and quantity if started from the blueprint 
itself. This is especially true for high production 
core box and pattern equipment. 


Venting 

Figure 2 shows a well vented core box and a 
poorly vented core box. We believe that proper de- 
sign and construction of most core boxes can be 
controlled by the study of this drawing. 

This illustration shows the air entering through 
the blow valve at 100 lb pressure. Although the fig- 
ures are estimated, the author's company has 
through experience come to the conclusion that 
as the air flows through the distributing plate the 
pressure drops to approximately 95 Ib/sq in. Air, 
taking the path of least resistance, flows through 
the blow holes into the core box cavity. 

At this point it again drops to approximately 80 
Ib/sq in. As it deposits the sand in the core box or 

























Fig. 2— Example of well vented (left) and 


poorly vented (right) core box. 


flask cavity, it then proceeds through the vents to 
the atmosphere and the pressure drops to zero. The 
greater the vent area, the faster the air gets to the 
atmosphere, the faster the sand is deposited and 
the denser the mass. This occurs as shown on the 
left-hand side only when the core box is properly 
constructed and the blow plate properly rigged for 
blowing. 

In the right-hand figure we see a similar condi- 
tion with two exceptions. First, it is, in relation to 
the left-hand figure, a poorly vented core box. Sec- 
ond, a single blow plate is used with blow holes in 
it only, and no vents. This results in the volume of 
air that is required to fill the core box cavity not 
being able to get through the vent area. 


Pressure Buildup 


Box pressure is subsequently built up in the blow 
hole area, and when this pressure in the core box 
becomes equal to the pressure on the topside of the 
blow plate a channeling condition is experienced, 
such as shown in this figure. This condition is often 
attributed to a number of things. Actually, it is 
simply a matter of insufficient vent area to accom- 
modate the volume of air required to move the 
sand into the core box cavity through the sizes of 
blow holes provided. 

It is logical to assume from the above description 
that the air is being used as a vehicle to carry the 
sand into the core box cavity, and that the size of 
the blow holes provided determines the velocity 
with which this is accomplished. If the density of 
the core required does not need the velocity in this 
illustration, the blow holes can then be increased 
in area. Through experience it has been found that 
the larger the blow hole area, the less the volume 
of air required to move a given amount of sand. 

As a matter of illustration, the hole in the blow 
plate is increased to almost the size of the core box. 
As the blow valve is actuated and air rushes 
through the distributing plate and the sand maga- 
zine the sand would have a tendency to move. This 
is due to the air pressure applied at the top of the 
mass or all around the mass, depending upon the 
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type of sand magazine being used and with no re- 
sistance such as we encounter with the smaller blow 
holes. 

Since the volume of air and velocity is not pres- 
ent, there is no danger of the core box blowing 
apart. This type of blowing is being accomplished 
quite successfully, especially in semi-production and 
jobbing shops where only wooden core boxes are 
being used. 

However, in the high production shop the size of 
the core sections, the contour of the core boxes 
and the density with which the core must be blown 
to make a quality core dictates the size of the blow 
holes and vent areas that must be used. Here, it. is 
a well known fact that sands with greater flowabil- 
ity are moved much more readily than are sands 
with high green properties. 

For instance, where sands that are used for shell 
core blowing are being moved with air, the sand flows 
more readily. Therefore, the volume of air re- 
quired to fill a given core box cavity is consider- 
ably less than that required with sands of high 
green properties. As the green properties increase, 
it becomes more difficult to move sand through 
small blow holes. Eventually it becomes necessary to 
use agitators to break up the sand and get it in 
suspension with the air. 


Agitators 
Figure 3 is an illustration of at least two types of 
agitators that are being successfully used. This figure 
also points out two methods of quick changing blow 
plates. There are many others that are being used 
quite successfully, but the plates in this figure are 
used almost exclusively for open face core boxes. 
The quick change method in Fig. 4 is used almost 
exclusively for horizontally split core boxes. 

Core boxes are attached to a %-in. steel plate 
which is placed underneath the rails, sliding it in 
from either end. It is located in the center by me- 
chanical means and sealed against the magazine plate 
by drawing up the bolts. The number used depends 
entirely on the length of the core. This is usually 
accomplished with a ratchet wrench. The plate with 








196 





Prsre 











H AIR INTA. 3 






















INNER 
Swe 


SCREEN 


BLOW PLaTe 


VENT 
PLATE 





RUBBER GASKET 


Fig. 3 — Two types of agitators being successfully used. Two 
methods of quick changing blow plates are also illustrated. 


which the box is attached should overlap the open- 
ing in the magazine plate at least 1 in. for the best 
results. This method is used to make frequent changes 
with a minimum of lost time. 


ACCURATE SAND CONTROL 


Among the categories of important factors is, of 
course, sand control, and it can best be described 
by studying Fig. 5. The primary purpose of this il- 
lustration is to emphasize the uniformity that can be 
obtained in cores made on a blower, particularly 
in relation to sagging. 

These cores, when assembled, form the main body 
of a six cylinder diesel block. They are 33 in. long, 
13 in. wide, and vary in height from 3 to 8 in. 
There is l4-in. finish on all main bearing facings, 
ly-in. in the cylinder bore and 14-in. on the head and 
pan face. After baking, the cores are not rubbed as is 





the usual practice, but are placed on an assembly gage 
and bolted together as a single unit. 

Due to the small amount of finish allowed in a 
unit of this size there must be a complete ab- 
sence of distortion. For example, if each of the 12 
cores sagged ¥%,-in., the completed assembly unit 
would be %,-in. narrow, with the result that the 
outside bore and main bearing would be \,-in. 
under specified requirement. Actually the distortion 
in these cores is so slight that it hardly is measur- 
able. This condition is directly attributed to close 
sand control. 

The above, of course, cannot be accomplished 
with wet sand. For instance, once the clays and ad- 
ditives in the sand have been saturated with water 
maximum green properties with proper mulling can 
be obtained. When more water than is required 
for this purpose is added to the sand mix, the air 


Fig. 4—Another example of 
quick change blow plates. This 
method is used almost exclusively 
for horizontally split core boxes. 




















(when the blow valve is actuated) carries the free 
water to the surface of the core box and causes the 
said to stick. This makes it impossible to obtain a 
smooth core finish or a smooth casting surface. 

Ory sand will not hold specified core require- 
ments and, therefore, is detrimental to the practice. 
When dry sand is used for the purpose of shell core 
making, for instance, this sand can readily be con- 
trolled with pressure regulators. Once the sand is 
cured, sagging is not a problem as is the case in 
a conventional sand practice. 


CHOOSING THE CORRECT VENT 
AND BLOW HOLE AREAS 

This brings up a question that is so often raised: 
Is their some method by which the vent area to 
blow hole area can be determined beforehand? 
Many attempts to accomplish this have been called 
to the writer’s attention. But to his knowledge, as 
of this writing, there are no standards that can 
be used successfully. It is only natural, however, that 
in the course of time numerous core boxes are en- 
countered with striking similarities. The rigging of 
such core boxes is then a simple matter because it 
can be duplicated from past experience. 

There are so many cases, however, where the con- 
tour, size, shape of core boxes and sand physical 
properties change to the extent that the application 
of basic fundamentals and principles alone is not 
sufficient. Then the craftsman’s imagination and in- 
genuity becomes an essential element enabling the 
core room supervisor to consistently get quality 
cores. 

It is perhaps wise at this time to point out to the 
craftsman doing the rigging of core box and pattern 
equipment that there are a great number of meth- 
ods used to prevent the wearing of core boxes di- 
rectly underneath the blow holes. There are plas- 
tics, solders, hardened steel inserts, etc., and individ- 
ual operators usually swear by one of the number 
of materials available. However, there is no hard 
and fast method that is universally accepted. 


Vertical Position Blowing 


All pin cores in Fig. 6 can be blown in a vertical 
position. Both vertical and horizontal clamps are 


used. The blow plate used does not have holes corre- ° 


sponding to individual cores. The length and width 
of the single elongated blow hole depends on the 
length of the box and the diameter of the core. As 
shown in Fig. 6, a variety of core boxes can be blown. 
All that is necessary is that the core box surface com- 
pletely covers the hole in the blow plate. The number 
and diameter of cores are of no consequence. 

The center examples are for the benefit of the 
craftsman also. These cores normally were cast in 
a horizontal position. They buckled and broke from 
the metal pressure. To overcome this problem stools 
were inserted in each half of the core box cradling 
a \4-in. rod. Crescent shaped blow holes blow up 
the core, resulting in a core rigid enough to with- 
stand the metal pressure, and no buckling or break- 
ing of the core occurs. 

The top view illustrates one method of blowing pin 





Fig. 5— Uniformity of sand obtained in cores made 
on a blower, particularly in relation to sagging. 


cores. Because reinforcement wires are required, one 
end of the core box is closed necessitating vents in the 
body of the core box itself to get rid of the air. 

Figure 7 shows a group of core boxes that were 
blown with a complete absence of vents, but pro- 
visions were made for the air to escape both at the 
bottom of the core box and at the top of it. The 
core box in the extreme center, however, has a ring 
chill and a tube chill set in it. In this case the air 
has a tendency to accumulate underneath the chills 
making the vents necessary. 


Horizontal Position Blowing 

The method of blowing, as shown in Fig. 8, is 
somewhat similar to the method we used to blow 
pin cores. Pin cores are blown in a vertical posi- 
tion from one end, and these cores are blown in a 
horizontal position in both ends. The sand cham- 
bers on both ends of the boxes are hollow. How- 
ever, in the one core box there are corresponding 
openings in the plate to which they are attached, 
while in the case of the larger core box (Fig. 8a) 
an elbow is used for the blow holes. Steel bushings 
are inserted in the blow holes with a break-off pad 
underneath. These pads are more easily distin- 





Fig. 6 — Pin cores which can be blown in a vertical 
position. 

















Fig. 7 — Core boxes which were blown without vents, 
although provisions were made for air to escape at the 
bottom and top of the core box. 








Fig. 8a — Larger core than shown in Fig. 8 with an 
elbow used for the blow holes. 


Fig. 8 — Cores blown in a horizontal position. The sand 
chambers on both ends of the boxes are hollow. 


guished on the cores. The dryers, of course, are con- 
structed to stack and interlock, thus conserving 
oven space. 

Figure 9 is an illustration of an 18 piece core box. 
All possibilities of making a quality core appeared 
to be completely exhausted because air pockets per- 
sisted in occurring at the curvature of the fins. It 
was determined that the sand was following the 
contour of the fin, but there was sufficient space 
between the fin and the center piece to allow the 
air to escape underneath it. This caused an air 
pocket on the opposite side. The solution was to 
seal the individual fins, as shown in Fig. 9, which 
completely eliminated the air pockets that were oc- 
curring and perfect cores were the result. 

Less venting is required for the more flowable 
sands because less air volume is required for blow- 
ing. Conversely, greater vent area is required when 
using sands of high green strength, due to the in- 
creased volume of air needed for blowing. 

The air required to move a given volume of sand 
into the core box cavity eventually goes out into 
the atmosphere. The faster this air can escape, the 
greater the impact of the sand in the core box and 
the greater the density of the core. 

The diameter of the blow holes and the vents 
used to accommodate the volume of air needed to 
move the sand, determines the density and the qual- 
ity of the core or mold being blown. 





Fig. 9— An 18 piece core box. Air pockets occurred ACKNOWLEDGMENT 
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Report of AFS Sand Div. 
Canadian Committee 8-Y 


ABSTRACT 


A survey was conducted by the AFS Canadian Sand 
Committee (8-Y) of foundry sand practice. The results 
indicate that Canadian foundries gradually have been 
changing from natural to synthetic sand systems, most- 
ly because they feel this will effect better control of 
their sand properties. Details of the complete survey, 
covering different types of foundries are given. 


INTRODUCTION 


Canadian Sand Committee 8-Y of the American 
Foundrymen’s Society sent a questionnaire to 74 rep- 
resentative Canadian foundries to determine the type 
of program they would prefer the Committe to carry 
out. Only 20 replies were received from these. 

Fifteen of these foundries indicated that they some- 
times had sand problems. Visits by committee mem- 
bers to the other foundries indicated that most of 
them had sand problems too, but the standard of ac- 
ceptable surface finish varied widely with the type of 
casting being made. 

The responding foundries had some foundry liter- 
ature available but three did not use it. In one of 
these three the personnel did not speak English. The 
five foundries from the Province of Quebec which 
responded would like to receive literature in French. 
Fourteen of the foundries, including one from Que- 
bec, would like additional literature in English. How- 
ever, only half of the 14 had more than one textbook, 
such as ANALYsis OF CasTING Derects (AFS) and one 
periodical. Of the two foundries which did not wish 
any additional literature, one had a well-stocked li- 
brary, and the other had almost none. 





A. E. MURTON is Scientific Officer, Physical Met. Div., Mines 
Branch, Dept. of Mines and Technical Surveys, Ottawa, Canada. 


Canadian Committee (8-Y): A. E. Murton, Chairman, P. H. B. 
Hamilton, Vice-Chairman, A. J. Barnwell, Secretary, Charles 
Bateman, Vincent H. Furlong, Thomas Lyons, James McCona- 
chie and Kent Woonton. 





60-50 


CANADIAN NON-FERROUS 


AND IRON FOUNDRY 


SAND PRACTICE SURVEY 


by A. E. Murton 


The AFS Technical Committee had suggested that 
a survey of Canadian sand practice would be a suit- 
able project for the Canadian Sand Committee. All 
but two of the foundries wished the Committee to 
undertake this project. Some foundries also wished to 
have a list of Canadian Sands, and their performance. 


SCOPE OF SURVEY 


In accordance with the desires of the responding 
foundries the Committee undertook the proposed sur- 
vey of sand practice in Canadian iron and non-ferrous 
foundries. 

The Committee obtained details of the operation 
of what was considered to be a representative group of 
iron and non-ferrous foundries, and collected samples 
of their sands for test at the Mines Branch Labora- 
tories. 

Steel foundries were not included in this survey, be- 
cause they keep in contact with each other through 
their own organization, and are conversant with cur- 
rent practice. Canadian steel foundry practice is simi- 
lar to that of United States steel foundries, and Cana- 
dian. iron and non-ferrous foundrymen who are inter- 
ested in this can obtain details from periodicals. 

The group of foundries included in the survey can 
be divided according to the type of work into several 
classifications: 


1) Small brass fittings—plated. 

2) Small brass fittings—unplated. 

3) Ornamental brass. 

4) Heavy brass. 

5) Aluminum. 

6) Light to medium gray iron, white iron. 
7) Heavy gray iron. 


However, it is common for foundries to make cast- 
ings of more than one type. 
The sand practices of these foundries range from 
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the use of natural sand, with no facing, conditioners, 
additives or tests, to completely synthetic sand systems. 

It was noted that three foundries modified their 
sand practice during the time of preparation of the 
report (Foundries 18, 27, 28, Appendix, Tables 1-6). 
No effort was made to discover these cases, and it is 
likely that some of the other foundries have also 
made changes. 


BRONZE — NATURAL SAND 


The foundries experiencing the fewest sand prob- 
lems are those employing three or four molders, using 
common alloys, bench molding bronze and aluminum 
castings. Most of these foundries use no facing, sand 
additives or mulling. Typically the molder prepares 
his own sand or has it done under his supervision. The 
good grades of natural sand produce good castings 
and can be used without mechanization. 

This group of foundries makes few sand tests. Some 
have testing equipment which they may use once a 
day, or when the staff can find time. 

Those foundries floor molding with these sands 
have trouble with drops. 


BRONZE — SEMI-SYNTHETIC AND 
SYNTHETIC 


Bronze foundries making large castings, or castings 
to be polished or plated, usually find that a simple 
natural bonded system does not produce the quality 
of castings they require. They mull the sand, may add 
a little southern or western bentonite, and control the 
properties by testing for moisture, permeability and 
green compressive strength. Some of these foundries 
have converted to synthetic sand because of the better 
control obtainable. They may add new sand and ben- 
tonite to- their facing mixtures, which are used on 
séme of their more difficult molds, or they may add 
some new sand and bentonite to each batch. 

Bronze foundries using synthetic sand systems, or 
which mull natural sand, usually test their sands reg- 
ularly. They also report more sand problems, mostly 
from inclusions, than do those using simple natural 
bonded sand systems. This appears to be the result of 
the higher standards they require, higher production 
and more difficult castings and alloys. 


IRON — NATURAL AND SEMI-SYNTHETIC 


Iron foundries appear to be more conscious of sand 
problems than are non-ferrous foundries. Of the 15 
iron foundries using natural sand only three do not 
mull at least the facing sand. Two of these are the 
only foundries using no bentonite as an auxiliary 
bond. All three foundries without mullers have weak 
sand and use a large number of gaggers. The more 
common practice with natural sand is to add new 
sand to the heap, and add bentonite either to the heap 
or to the facing to compensate for burn-out and dilu- 
tion with core sand. These foundries would therefore 
be classed as semi-synthetic. 









Iron foundries usually select natural sands wi! 
higher strengths than those used by bronze foundri 
but there are some exceptions to this rule. Two fou 
ries use Canadian natural sands. One of these a! 
uses some U.S. sand. 

All but one of the foundries with natural or sen:i- 
synthetic sand use pitch or seacoal, or both. They base 
the amount added on the appearance of the casting «. 

About half of this group of iron foundries make 
some sand tests. These might be made once or twice 
day or once a week, but some foundries test eve: 
batch of facing. Most foundries making tests t 
for moisture, permeability and green compressi\ 
strength, but one tests for moisture only, and one fo 
moisture and permeability. Even when foundries tes 
their sand they seem to base their additions more on 
its behavior in molding and casting than on sand tests. 

The most common troubles encountered by iron 
foundries using natural sand are sand _ inclusions, 
with some scabs, rattails and buckles. 
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IRON — SYNTHETIC 


Practices followed by foundries using synthetic sand 
systems include: 


1) No new sand except in cores; no facing; all sand 
mulled. 

2) New sand facing on some jobs; all sand mulled. 

3) Mulled mixture of black and new sand facing on 
all jobs; facing only may be mulled. 


These foundries used bank, lake or washed and 
dried silica sand, or a mixture of two of these, one fine 
and one coarse. 

Canadian sand was used by two foundries in their 
synthetic sand system. One of these uses (with fair 
results) a local bank sand which contains considerable 
magnetite, mica, etc. An imported lake sand is used 
for cores. The other foundry was using a washed and 
dried sand from Lake Winnipeg. The quality of this 
was equal to that produced in the Ottawa, III. district, 
but the producer has now ceased operations. All but 
one of the synthetic iron foundries questioned used 
seacoal. 

Dry sand molds with a black wash may be used for 
large castings. This method is being replaced by air-set 
molding, and to a lesser extent by CO, molding. High 
pressure molding is being used in one soil pipeshop. 

These foundries make more tests than those using 
natural sands. All test their sands—some of them oc- 
casionally only once or twice a day, or once a week. 
Most test for moisture, green compressive strength 
and permeability; but two test for moisture only. 
Three foundries, in addition to the usual three tests, 
test screen distribution occasionally; and two of them 
also test for combustible materials and pH. 

Buckles and scabs are the most common difficul- 
ties reported by the iron foundries with synthetic sand 
systems. To eliminate these an all new sand facing is 
sometimes used on difficult jobs. Some foundries ex- 
perience trouble with sand drying out, especially 
when it was hot. 
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CORE SANDS 


Bronze and small iron foundries tend to use a blend 
of fine and coarse sand. Usually the fine sand is a 
bank sand, between 80 and 150 AFS fineness num- 
ber, and the coarse sand is lake sand, or washed and 
dried silica sand of about 60 AFS fineness number. 
Some small foundries use local building sands. Oc- 
casionally some natural bonded sand may be used to 
give green strength to core mixtures. 

Small bronze and iron foundries often use fairly 
large additions of core oil to compensate for inferior 
raw materials and poor baking control. They some- 
times prefer mixtures with poor collapsibility to pre- 
vent the core sand from diluting the heap. Iron found- 
ries often use black wash on their cores, but. bronze 
foundries usually prefer mica wash. 

Foundries which have a synthetic sand system use 
the same sand for molds and cores. They control the 
additions of binder and the baking of the cores more 
carefully than do smaller foundries. Ajr-setting cores 
may be used for large molds and cores. These are 
baked if the facilities are available. 


Carbon dioxide cores are fairly widely used by small 
and large foundries. Shell cores are often used for 
production runs of small castings. This is in contrast 
to shell molding, which is used by only a few bronze 
and iron foundries. 

Pipe fitting foundries use green sand cores, sodium 
silicate cores, shell cores or oil sand cores. 


CANADIAN NATURAL SANDS 


Many foundrymen expressed a wish to obtain a 
source of Canadian sand to obtain lower freight rates. 
Because of the geographical distribution of Canadian 
foundries several widely separated sources of sand 
would have to be found to enable all foundries to 
have a convenient source. The survey found only one 
source of Canadian natural bonded sand in use from 
Waterdown, Ontario, near Hamilton. This source is 
located close to many foundries in Ontario, but most 
of these import U.S. sands. There are probably other 
Canadian natural bonded sands having a limited use. 


The results of a survey of Canadian natural bonded 
molding sands made by C. H. Freeman were pub- 
lished in 1936.* At that time it was estimated that 55- 
60 per cent of Canadian consumption was imported. 
The proportion must be around 90 per cent now. The 
book described tests on 72 working deposits, 31 for- 
merly operated deposits and 45 prospects. It is evi- 
dent that there has been a large decrease in the num- 
ber of working deposits. 

A study of the properties of the sands reported in 
Freeman’s book shows that most of them were too low 
in permeability or green compressive strength to be 
suitable for anything but small work. Less than 25 
per cent had a permeability between 10 and 100, to- 
gether with a green compressive strength greater than 
5 psi. In addition, many Canadian foundry sands with 





*“Natural Bonded Moulding Sands of Canada,” Correll H. 
H. Freeman, Department of Mines and Technical Surveys, 
Ottawa, Ontario (1936). 
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good moldability have a high lime content, or have 
clays with poor durability. 


CANADIAN BANK AND SILICA SANDS 


A few foundries use Canadian bank or silica sands 
for core work. Some small bronze foundries use local 
building sand, and a few iron and non-ferrous foun- 
dries in the Montreal district and in Western Ontario 
use Canadian bank sands. Washed and dried silica 
sand, comparable to sand from the Ottawa, IIl. dis- 
trict, was being sold to foundries in Western Canada 
but this source has been discontinued. It is said that 
the barge charges on this sand from Black Island in 
Lake Winnipeg became too high for it to compete 
with U.S. sands. 

Some Canadian sandstones, from a widely occur- 
ring formation known as the Potsdam sandstone, have 
been processed for molding sand for iron and steel. 
The most notable producer was Kingston Silica Mines 
Ltd. This company failed when it was unable to raise 
capital to open a new deposit. The old one, which had 
an obsolescent plant, had been worked out. 

Potsdam sandstones in the Montreal district are be- 
ing processed to make glass sands. Foundry sands are 
being sold from these, but the proportion used is 
small. 


CONCLUSION 


The results of this survey indicate that Canadian 
foundries have gradually been changing from natural 
to synthetic sand systems, mostly because they feel this 
will effect better control of their sand properties. 

Shipments of off-grade natural sand (probably due 
to depletion of some of the good sand beds) have 
helped to make some foundrymen change to synthetic 
sand. The most common complaints have been sand 
containing clay balls and sand with too low strength. 

Some bronze foundrymen and most iron foundry- 
men find that a simple natural bonded system will 
not give them the sand control they need. They add 
bentonite and mull the sand, and some feel they may 
as well go all the way to a synthetic sand system. 

Foundries committed to the use of synthetic sand 
do not often revert to natural sand. If troubles are en- 
countered they try to meet them by better moisture 
control, sand additives or more new sand. Even if 
these measures are only partially successful, they stick 
with synthetic sand because they have learned 
that there is no easy way out. 

Although foundrymen wish to find sources of Cana- 
dian sand, they are using less of this sand than they 
were a few years ago. There are no widely used 
sources of Canadian natural or sharp sands. Some Ca- 
nadian suppliers have gone out of business. Sands 
from some of the other sources are inferior to those 
from the U.S.A. 

Producers who have failed to establish permanent 
operations have been troubled by small markets, high 
freight rates and difficult winter operations. Probably 
the time will come when Canadian sands of suitable 
grade can be produced economically. Canadian found- 
rymen have shown that under these conditions they 
will use Canadian sands. 
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TABLE 1— SAND PRACTICE — BRONZE AND ALUMINUM, NATURAL SAND 





















Foundry Troubles 
No. Sand Preparation Rebond Additives Reported Remarks 
1 Natural Aerate New sand to heap None None Marine fittings; }ave 
regularly second heap of finer 








sand for alumin:ir 














2 Natural Shovel 








New sand to heap 


occasionally 


None 


None 





Aluminum 






























































































































3 Natural Shovel New sand to heap Western benton- Burn-in moisture Jobbing 
occasionally: fac- ite to heap occa- control 
ing of new and sionally 
old sand on spe- 
cial jobs 
4 Natural Mix and aerate New sand to heap None “Usual” Jobbing 4 
all sand occasionally 
5 Natural Shovel New sand to heap None None Jobbing 
occasionally 
TABLE 2—SAND PRACTICE — BRONZE AND ALUMINUM, MULLED NATURAL AND SYNTHETIC SAND 
Foundry Troubles 
No. Sand Preparation Rebond Additives Reported Remarks 
6 Natural Mull all sand; New sand to heap None Sand inclusions on Plumbing 
no facing occasional ly polished goods fixtures 
7a Natural Mull all sand; New sand to Southern Sand inclusions on Brass foundry 
no facing system regularly; bentonite polished goods, section; 
bentonite to buckles, poor plumbing 
muller flowability fixtures 
8 Natural Mulled old sand New sand to heap Southern benton- None Jobbing 
facing on all regularly; benton- ite, western ben- 
molds; aerate heap ite to muller tonite, wood flour 
9 Natural Mull all sand; New sand to heap; Southern } None Plumbing fixtures; 
no facing bentonite to bentonite sand prepared once 
muller a week; plant at 
15% capacity 
10a Natural Mull all sand; new New sand to Southern None Brass foundry sec- 
and old sand facing _ heap occassionaly; bentonite, tion; valves and 
on some jobs bentonite to wood flour fittings; also 
muller small iron valves 
11 Natural Mulled old sand New sand to heap Western None Jobbing 
facing on all regularly; ben- bentonite 
molds; cut heap tonite to muller 
12a Natural Mull all sand; New sand and Southern Veining Brass foundry divi- 
no facing additives to bentonite, sion; jobbing up to 
muller occa- cereal 114 tons; use dry 
sionally sand on some jobs 
13 Bank Mull all sand; Bentonite and new Southern “Plenty, but better Plumbing, 
new andoldsand _ sand to facing mix- bentonite, finish than with jobbing 
facing on 25% tures; bentonite to wood flour, previous natural up to 1500 Ib 
of jobs general purpose cereal sand” 
mixtures 
l4a Bank sand for Mull all sand; new New sand and Southern and west- Sand Jobbing; ship 
green sand; silica and old sand facing additives to ern bentonite, wood inclusions propellers, brass 
sand for dry sand on all molds facing flour to green sand; foundry section; 
western bentonite, use natural sand 
fireclay, cereal and for small castings 
pitch to dry sand 
15 Bank Mull all sand; ~ Additives to muller; Proprietary Inclusions on Plumbing and 
no facing new sand to system binder, wood polished goods heating goods, 
occasionally flour up to 101b 

















TABLE 3— SAND PRACTICE — IRON, NATURAL AND SEMI-SYNTHETIC SAND 
























































"For idry Troubles 
No. Sand Preparation Rebond Additives Reported Remarks 
4 ies Natural Shovel New sand to heap Seacoal None Jobbing, fittings 
occasionally 
ve aa Natural Shovel New sand to heap Seacoal None Jobbing, up to 
er occasionally 2 tons 
‘m e118 1) Natural Mulled old sand New sand to heap Western ben- (1) “usual” Jobbing, up to 1000 
= 2) Blend of two facing on all regularly; ben- tonite, seacoal, (scabs, blows) Ib. Sand changed 
natural sands molds; cut heap tonite to facing gilsonite (2) None from (1) to (2) 
-. = % Natural New and old sand Additions of new Fire clay None Porcelain enamel, 
facing on all molds, _sand to heap and sanitary ware 
some mulled, some facing regularly; 
aerated; aerate heap fireclay to mulled 
facing 
&- 19 Natural Mulled new and old All additions Western ben- Burn-in Gray iron, white 
4 sand facing on all to facing tonite, seacoal, iron mining 
molds; aerate heap cereal equipment 
= 20 Natural Mull all sand; New sand to heap Western ben- “general” Light gray iron, 
no facing regularly; other ad- tonite, seacoal, valve bodies, floor 
ditions to muller wood flour molding 
™ 10b Natural and Mull all sand; new All additions Western None Iron foundry 
washed silica and old sand facing to facing bentonite, section, 
on all molds seacoal valves and fittings 
21 Natural, washed Mull all sand; new All additions Seacoal, None Jobbing, mostly 
and dried silica. and old sand facing to facing pitch gray iron 
and local bank on all molds 
. 22 Natural Mulled old sand All additions Western None Pressure tight 
facing on all to heap bentonite, iron 
- molds; cut heap seacoal 
23 Natural and Mull all sand; new All additions Southern and west- None Malleable 
- lake and old sand facing to facing ern bentonite, fire- 
on all molds clay, seacoal, 
wood flour 
24 Natural and Mulled new and old All additions Southern and west- Buckles on Large gray iron 
- washed and sand facing on all to facing ern bentonite, pro- large copes jobbing 
dried silica molds; aerate heap prietary binder, 
wood flour 
- 25 Blend of two Shovel and screen; All additions Western benton- Sand indlusions, Gray iron 
natural sands no facing to heap ite, fire clay, drops, scabs jobbing 
seacoal 
26 Natural Mulled old sand New sand to heap; Fire clay, sea- Poor moisture Gray iron jobbing; 
‘ facing on all other additions coal, pitch, control of use some skin 
molds; aerate to facing cereal heap sand drying 
heap 
27 Natural and Mull and aerate all All additions Western First natural sand Soil pipe fittings; 
g lake sand; no facing; to muller bentonite had clay grains high pressure 
green sand cores which made per- molding 
of lake and heap meability and 
- sand strength sensitive 
to mulling. No 
troubles with sec- 
ond natural sand 
28 Two natural Mulled new and All additions Western benton- Sand _ inclusions, Heavy gray iron 
(old bonded sands, old sand facing to muller ite, fire clay, sea- penetration, jobbing foundry; 
practice) plus lake sand on all molds; cut coal, pitch, wood scabbing practice changed 
heap flour to synthetic, as de- 
scribed in Table 4 
12b Natural and Mull all sand; New sand tosystem Western benton- Scabs Iron foundry sec- 
washed and new and oldsand and facing; other __ite, fire clay, pitch tion, heavy gray 
dried silica facing onallmolds additionsto facing | compound, cereal iron. Large molds 
baked 
14b Bank sand for Mull all sand; All additions Southern benton- Sand inclusions, Iron foundry 
green sand; dry new and old sand to facing ite, fire clay, cereal, a few scabs section 
sand uses same facing on all molds seacoal to green 
heap and prac- sand facing 
tice. as brass 
foundry dry sand 
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TABLE 4— SAND PRACTICE — IRON, SYNTHETIC SAND 















































Foundry Troubles 
No. Sand Preparation Rebond Additives Reported Remarks 
28 Bank Mulled new and old All additions Southern and Moisture control, Improved over 
(new sand facing on all to facing western bentonite, scabbing, difficult previous 
practice) molds; cut heap seacoal, cereal shake-out practice 
29 50:50 coarse and Mull all sand; All additives tomul- Western benton- “General” Light to medium 
fine bank sand no facing ler; no new sand ite, seacoal, pitch, gray iron 
except in cores wood flour jobbing 
30 Bank and Mull all sand; All additives to mul- Southern and Erosion scabs Light to medium — 
washed and no facing ler; no new sand western benton- gray iron 
dried silica except in cores ite, seacoal jobbing 
31 Bank Mull all sand; New sand and Western bentonite, None Light to medium — 
no facing additives to fire clay, seacoal, gray iron 
every batch wood flour jobbing 
32 Bank Mull all sand; all Most additions to Southern and Buckles, rattails, Light malleable 
new sand facing facing; some ben- western benton- erosion when no 
on some molds tonite to heap ite, seacoal facing is used 
33 Washed and Mull all sand; All additives to mul- Proprietary None Small gray iron, 
dried silica no facing ler; no new sand binder, sea- nodular 
except in cores coal 
34 Washed and Mulled new and All additions Southern and west- None Light to medium 
dried silica old sand facing on to muller ern bentonite, pro- gray iron, bronze 
all molds; aerate prietary binder, and aluminum 
heap seacoal 
35 Bank and Allsand mulled; All additivestomul- Southern and west- None Light to medium 
washed and no facing ler; no new sand ern bentonite, pro- gray iron 
dried silica except in cores prietary binder, 
wood flour 
36 Lake and local All sand mulled All additions Western bentonite, Hot sand, Gray iron, nodular, 
sand and aerated; new to muller fire clay, scabbing up to 3 tons 
and old sand facing seacoal 
on all molds 
37 Lake Mulled new and old All additions Western ben- Periodic Gray and white 
sand facing on all to muller tonite, sea- scabs iron mining 
molds; aerate heap coal, cereal equipment 
TABLE 5— TYPICAL MOLDING PROPERTIES, BRASS SANDS 
Foundry No. 1 1 2 3 3 4 4 
Sample New Heap Heap New Heap New Heap 
Type Natural Natural Natural Natural Natural Natural Natural 
Source of New Sand New York New York New York New York New York New York New York 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 8.5 8.9 6.8 8.2 7.4 9.3 76 
Permeability 9.0 13.0 15.7 7.2 8.4 8.2 10.3 
Green Comp. Str., psi 8.4 7.7 7.2 §.7 5.2 8.2 6.3 
Green Deformation, % 2.75 2.8 1.9 2? 1.6 2.6 2.3 
Green Tens. Str., 0z/in.2 3.5 3.6 5.0 3.6 3.3 4.3 2.2 
Dry Comp. Str., psi 68 44 $2 61 23 56 50 
AFS Clay Content, % - — 10.0 14.8 — — _ 
AFS Fineness No. — —_ 173 208 _ _ — 
Foundry No. 5 6 Ja Ja 8 8 9 
Sample New Heap New System New Heap Heap 
Type . Natural Natural Natural Natural Natural Natural Natural 
Source of New Sand New York New Jersey New York New York New York New York New York 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % — 4.8 10.7 6.8 9.4 7.3 6.8 
Permeability _— 17.3 18.4 23.8 6.0 9.3 10.3 
Green Comp. Str., psi a 10.6 6.0 5.9 9.4 11.9 9.1 
Green Deformation, % — 1.5 2.1 2.15 2.95 2.5 2.45 
Green Tens. Str., 0z/in.2 — 9.0 1.9 4.7 5.4 8.0 5.9 
Dry Comp. Str., psi — 48 41 79 74 171 71 
AFS Clay Content, % — 10.0 8.8 11.2 12.4 _ 13.2 
AFS Fineness No. — 144 145 147 167 _ 143 








(continued on next page) 
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TABLE 5— TYPICAL MOLDING PROPERTIES, BRASS SANDS (continued) 





























Foundry No. 10a 11 12a 13 13 
Sample System Facing System System New 
Ty: e Natural Natural Natural Synthetic Bank 
Source of New Sand New Jersey New York New York New York New York 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 5.6 6.2 4.5 4.5 — 
Permeability 17.3 77 13.4 25.5 — 
Green Comp. Str., psi 13.1 10.0 10.4 10.0 — 
Green Deformation, % 2.45 2.3 2.0 1.5 _ 
Green Tens. Str., 0z/in.2 12.6 76 11.8 17.0 —_ 
Dry Comp. Str., psi 97 88 134 64 _ 
AFS Clay Content, % 13.1 15.8 10.7 — 1.0 
AFS Fineness No. 138 203 163 _ 161 
Foundry No. l4a l4a l4a l4a 15 15 
Sample Heap New Green facing Dry facing New System 
Type Natural Bank Synthetic (bank) Synthetic (silica Bank Bank 
washed and dried) 
Source of New Sand New York Mich. Mich. New Jersey New York New York 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 7.2 _— 4.6 8.1 _ 4.5 
Permeability 36 _ 38 38 — 22.7 
Green Comp. Str., psi 6.7 — 11.2 11.8 — 15.8 
Green Deformation, % 2.3 _ 1.95 3.8 —_ 15 
Green Tens. Str., 0z/in.2 8.2 —_— 176 13.4 —_ 22.4 
Dry Comp. Str., psi 74 — 60 218 — 82 
AFS Clay Content, % 10.8 0.5 6.0 6.8 0.5 9.9 
AFS Fineness No. 144 122 99 88 139 93 
TABLE 6— TYPICAL MOLDING PROPERTIES — IRON SANDS 
Foundry No. 16 16 16 17 17 17 
Sample New Bench New floor Heap New Heap Heap 
Type Natural Natural Natural Natural Natural Natural 
Source of New Sand New York New York New York New Jersey New Jersey New Jersey 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. Retempered 
Moisture, % 8.5 7.0 7.5 8.5 9.2 8.0 
Permeability 6.5 33 28 36 31 48 
Green Comp. Str., psi 7.6 5.8 4.4 10.8 5.2 6.3 
Green Deformation, % 2.6 2.4 2.5 3.55 3.4 2.7 
Green Tens. Str., 0z/in.2 3.5 3.6 1.4 16.2 2.5 2.5 
Dry Comp. Str., psi 60 77 25 74 89 72 
AFS Clay Content, % — _ — 15.8 _— _— 
AFS Fineness No. _— —_ _ 7.0 _ — 
Seacoal (by heavy liquid) — — — — _— _ 
Foundry No. 18 18 18 18 
Sample New (1958) New (1958) Heap (1958) Heap (1959) 
Type Natural Natural Natural Natural 
Source of New Sand New Jersey New Jersey New Jersey New Jersey 
Condition As rec'd. Mulled As rec'd. As rec'd. 
Moisture, % 6.5 6.9 6.3 7.1 
Permeability 80 67 58 73 
Green Comp. Str., psi 10.6 13.8 9.7 3.2 
Green Deformation, % 3.2 3.05 2.6 3.4 
Green Tens. Str., 0z/in.2 18.6 29.0 14.8 3.0 
Dry Comp. Str., psi 53 80 113 120 
AFS Clay Content, % 15.6 15.6 — 5.5 
AFS Fineness No. 65 65 _ 60 
Seacoal (by heavy liquid) — _ _ 3.5 
Foundry No. 7b 7b 7b Tb 7b 7b 
Sample Slinger Slinger Hand foundry New New New 
facing heap heap 
Type Natural Natural Natural Natural Natural Natural 
Source of New Sand New York New York New York New York New York New York 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 5.6 5.9 5.9 7.8 8.5 5.1 
Permeability 46 46 16.2 9.4 22.7 50 
Green Comp. Str., psi 7.3 4.1 6.3 9.5 17.0 5.0 
Green Deformation, % 2.4 2.25 2.3 2.8 3.4 1.55 
Green Tens. Str., 0z/in.2 7.8 3.2 4.1 7.1 25.2 2.5 
Dry Comp. Str., psi 71 55 79 144 131 27 
AFS Clay Content, % 11.2 11.5 11.3 13.7 20.3 6.6 
AFS Fineness No. 102 101 126 140 88 94 


Seacoal (by heavy liquid) 








(continued on next page) 











6— TYPICAL MOLDING PROPERTIES — IRON SANDS (continued) 









































Foundry No. 19 19 20 20 10b 
Sample New Heap New Heap System 
Type Natural Natural Natural Natural Natural 
Source of New Sand New Jersey New Jersey New Jersey New Jersey Mixture of 
New Jersey 
and Ontario 
Condition Mulled As rec'd. As rec’d. As rec'd. As rec'd. 
Moisture, % 78 7.3 12.2 6.7 4.6 
Permeability 16.7 52 9.0 16.2 54 
Green Comp. Str., psi 15.6 15.2 5.5 9.9 13.4 
Green Deformation, % 4.0 3.6 3.7 2.7 2.45 
Green Tens. Str., 0z/in.2 27.4 23.4 3.7 8.6 16.0 
Dry Comp. Str., psi 87 133 129 156 122 
AFS Clay Content, % 19.4 _ 14.6 — 79 
AFS Fineness No. 102 — 133 _ 79 
Seacoal (by heavy liquid) _ —_ — _ 7.3 
Foundry No. 21 21 22 22 23 23 
Sample He*o Heap Facing Heap Core Heap 
Type Naturel Natural Natural Natural Lake Natural 
Source of New Sand New Jexsey New Jersey New Jersey New Jersey Indiana New Jersey 
Condition As rec'd. Retempered As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 5.6 6.7 8.4 4.8 — 6.0 
Permeability 80 52 9.4 17.3 — 52 
Green Comp. Str., psi 10.6 10.1 9.4 10.6 — 15.0 
Green Deformation, % 1.95 3.6 2.25 1.5 — 2.1 
Green Tens. Str., 0z/in.2 76 11.0 9.6 9.0 — 18.0 
Dry Comp. Str., psi 43 120 103 48 — 106 
AFS Clay Content, % 12.0 _ 16.5 12.6 0.0 _ 
AFS Fineness No. 75 _ 95 93 53 —_ 
Seacoal (by heavy liquid) 2.9 _ —_ —_ — — 
Foundry No. 24 25 26 26 26 26 
Sample Heap Heap Core Core Floor Machine 
Type Natural Natural Lake Washed and Natural Natural 
dried silica 
Source of New Sand Unknown New Jersey Indiana New Jersey Ontario Ontario 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 5.1 10.2 — _ 6.7 76 
Permeability 42 61 —_ — 21.8 11.4 
Green Comp. Str., psi 15.1 3.3 — _ 6.1 7.2 
Green Deformation, % 2.95 3.45 _ _ 2.2 2.2 
Green Tens. Str., 0z/in.2 32.3 1.7 _ — 2.2 2.8 
Dry Comp. Str., psi 164 81 —_ —_ 75 69 
AFS Clay Content, % — 20.0 0.0 0.0 11.0 13.6 
AFS Fineness No. _ 126 53 62 122 139 
Seacoal (by heavy liquid) - _ _ _ — — 
Foundry No. 27 27 27 
Sample New (March) System (March) New (Sept.) 
Type Natural Natural Natural 
Source of New Sand Ohio Ohio Ohio 
Condition Mulled As rec'd. Mulled 
Moisture, % 8.5 7.3 7.2 
Permeability 13 49 44 
Green Comp. Str., psi 17.2 6.8 17.5 
Green Deformation, % 4.3 3.0 2.5 
Green Tens. Str., 0z/in.2 18 5.4 34.8 
Dry Comp. Str., psi 233 119 102 
AFS Clay Content, % 28.2 _ 18.4 
AFS Fineness No. 97 _ 67 








(continued on next page) 
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TABLE 6 — TYPICAL 


MOLDING PROPERTIES — IRON SANDS (continued) 




















Foundry No. 28 28 28 28 28 
Sample Facing (1958) Dry sand (1958) New (1958) New (1958) New (1959) 
Type Natural Natural Natural Natural Bank 
Source of New Sand Ontario and Ontario and New Jersey Ontario Michigan 
New Jersey New Jersey 
Condition As rec'd. As rec'd. Mulled Mulled As rec'd. 
Moisture, % 59 6.2 79 8.3 — 
Permeability 90 55 119 50 — 
Green Comp. Str., psi 10.1 12.2 18.4 14.9 am 
Green Deformation, % 2.8 3.3 2.55 4.4 -- 
Green Tens. Str., 0z/in.2 10.2 14.5 34 24.6 — 
Dry Comp. Str., psi 118 164 79 182 — 
AFS Clay Content, % — 8.1 19.6 21.9 1.5 
AFS Fineness No. —_ 48 32 80 55 
Foundry No. 12b 14b 14b 29 30 
Sample Facing New Green facing System Heap 
Type Natural Bank Synthetic Synthetic Synthetic 
Source of New Sand New Jersey Ontario Ontario Mich. and Penn. Mich. bank, New 
bank sands Jersey washed and 
dried silica, 
Ohio natural 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 5.5 _ 5.4 5.2 4.3 
Permeability 80 — 63 61 75 
Green Comp. Str., psi 7.4 _ 13.0 12.5 11.9 
Green Deformation, % 3.0 —_— 2.25 2.35 2.6 
Green Tens. Str., 0z/in.2 11.8 oa 16.8 19.2 18.2 
Dry Comp. Str., psi 75 ~- 143 91 155 
AFS Clay Content, % 9.0 0.8 — — — 
AFS Fineness No. 51 85 — _ — 
Foundry No. 31 31 32 32 33 
Sample New System New Heap Heap 
Type Bank Synthetic Bank Synthetic Synthetic 
Source of New Sand Michigan Michigan New York New York Minnesota 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % — 7.9 — 4.3 5.8 
Permeability — 16.2 — 54 38 
Green Comp. Str., psi — 14.6 — 7.8 17.8 
Green Deformation; % — — — 2.05 2.25 
Green Tens. Str., 0z/in.2 — 15.8 oe 12.2 35.0 
Dry Comp. Str., psi —_— 244 — 122 —_— 
AFS Clay Content, % 0.0 — 0.1 — — 
AFS Fineness No. 53 — 108 — — 
Foundry No. 34 35 35 36 36 
Sample Facing New Heap New System 
Type Washed and Bank Synthetic Bank Synthetic 
dried silica 
Source of New Sand Manitoba Michigan Michigan Local Ontario and 
(Ontario) Indiana 
Condition As rec'd. As rec'd. As rec'd. As rec'd. As rec'd. 
Moisture, % 6.9 _ 5.7 — 5.5 
Permeability 38 _ 42 — 61 
Green Comp. Str., psi 13.4 == 16.4 — 9.8 
Green Deformation, % 1.55 — 2.1 — 2.8 
Green Tens. Str., 0z/in.2 28.4 — 25.0 — 18.4 
Dry Comp. Str., psi 222 — 82 — 174 
AFS Clay Content, % — 0.3 — 1.8 — 
_ 110 _— 132 a 


AFS Fineness No. 








(continued on next page) 


























TABLE 6— TYPICAL MOLDING PROPERTIES — IRON SANDS (continued) 
Foundry No. 37 37 37 
Sample New Facing Heap a 
Type Lake Synthetic Synthetic 
Source of New Sand Indiana Indiana Indiana 
Condition As rec'd. As rec'd. As rec'd. 
Moisture, % _ 4.5 4.1 
Permeability _ 126 126 
Green Comp. Str., psi _ 13.2 12.2 
Green Deformation, % — 3.25 2.45 
Green Tens. Str., oz/in.2 _ 25.5 22.6 
Dry Comp. Str., psi — 105 108 
AFS Clay Content, % 0.0 _ — 
AFS Fineness No. 51 — _ 
TABLE 7—SAND TESTING PRACTICE OF CANADIAN FOUNDRIES 
Tests Tests 
Foundry Gr. Comp. Foundry Gr. Comp. “= 
No. Metal Sand Mois. Perm. - Str. Other No. Metal Sand Mois. Perm. Str. Other 
1 Bronze Natural Daily —_ — _ teen Mulled ne wy ve Be 
2 Alumi- Natural _ _ — _ Natural 
— 20 Iron Mulled Occa- Occa- Occa- —_ 
8 Bronze Natural Occa- Occa- Occa- — Natural sion-  sion-  sion- 
sion- sion-  sion- ally ally ally 
ally ally ally 21 Iron Mulled 4/day 4/day 4/day — 
4 Bronze Natural — — _ —_ Natural 
5 Bronze Natural _ _ — — 22 Iron Mulled — _ — ~_ 
6 Bronze Natural Occa- Occa- Occa- _— Natural 
sion- sion-  sion- 23 Malle- Mulled 4/day 4/day 4/day Screen test 
ally ally ally able Natural monthly 
7 Bronze Mulled Hourly Hourly Hourly —_ 24 Iron Mulled 6/day 6/day 6/day — 
and Natural Natural 
— 25 Iron Unmulled — _ — — 
8 Bronze Mulled 4/day 4/day 4/day _— Natural 
one a o 
9 Bronze Mulled Weekly Weekly Weekly _ Natural 
aman 27 Iron Mulled 2/hr  2/hr — - 
10 Bronze Mulled Hourly Hourly Hourly _ Natural 
and Naturat 28 Iron Synthetic 6/day 6/day 6/day Combustible, 
. one screen test 
11 Bronze Mulled — — _ _ monthly 
ene 29 Iron Synthetic Daily Daily Daily ~ 
12 Bronze Mulled 4/day 4/day 4/day Deformation 4/ : ’ , ' 
pri SSement day ventability 80 Iron Synthetic Daily Daily Daily peng gaan 
iron and _ bondability sabeatied 
2/day silt, clay, 31 Iron Synthetic 2/day 2/day 2/day Flowability, 
fines, volatile, 2/day 
carbonaceous, . , : , 
pH 2/week; hot $2 Malle- Synthetic Daily Daily Daily — 
properties oc- able 
casionally. 33 Iron Synthetic 4/day 4/day 4/day _ 
13 Bronze Synthetic 4/day 4/day 4/day Deformation, 34 Iron Synthetic Occa- a — — 
4/day and sion- 
14 Bronze Natural Every 2/day 2/day _ Non- ally 
and and batch ferrous 
“— Synthetic 85 Iron Synthetic Occa- _— — ne 
15 Bronze Synthetic Hourly Hourly Hourly Dry strength, sion- 
combustible ally 
daily , . 
36 Iron Synthetic 3/day 3/day 3/day Screen test oc- 
16 Iron Natural _ _ _ _ casionally 
17 Tron Natural Daily = fal os 37 Iron Synthetic 4/day 4/day 4/day Screen test, com- 
18 Iron Mulled — _ —_ — bustible, pH oc- 
Natural casionally. 
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ABSTRACT 


A study to determine the effect of decarburization, 
carbon concentration and annealing process variables 
including heating rate, annealing temperature, holding 
time and cooling rate on the growth or dimensional in- 
crease of white iron during malleablizing was under- 
taken. The experimental procedure consisted of de- 
termining growth by direct measurement of white iron 
test bars having different carbon analysis before and 
after several malleablizing cycles. The quality of the 
iron was evaluated by x-ray, fracture and microstruc- 
ture studies. 

The results, within the lirnits of the study, con- 
clusively show that decarburization during malleabliz- 
ing substantially retards growth, carbon concentration 
in the absence of decarburization determines growth 
and annealing variables have no effect on growth. 
Simultaneously it was shown that the smaller growth 
of white iron during gravel pack annealing is directly 
attributable to decarburization, and that a wet con- 
trolled atmosphere of appropriate analysis will retard 
growth as effectively even in short cycle anneals. 


PREFACE 


History records that between 1826 and 1832, Seth 
Boyden in fruitless attempts to produce whiteheart 
malleable iron, developed an entirely new process 
wherein more carbon was precipitated and remained 
in the iron as nodules. This new iron which had 
superior properties to the then conventional white- 
heart iron was, in effect, a new ferrous material— 
“blackheart” or “American malleable iron.’’4 

In the century which has passed since Seth Boyden’s 
discovery, the fundamental process of malleablizing 
has shown little change, although the quality of our 
present blackheart iron undoubtedly surpasses the 
best of Boyden’s day. 

The improvements in the quality of today’s irons 
resulted from the refinements that increased knowl- 
edge and competitive enterprise fostered. Typical ex- 
amples are hot blast, duplexing, mechanized molding 
and protective atmosphere annealing. Unfortunately, 
advances in the art and sciences frequently are slow 
in evolution as evident by the development and 
application of protective atmosphere annealing. 


N. R. KELLEY and B. A. RUEDIGER are with Industrial Heating 
Dept., General Electric Co., Shelbyville, Ind. 


(Submitted by B. A. Ruediger to Rensselaer Polytechnic Insti- 
tute in partial fulfillment of requirements for Master of Science 
degree.) 
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WHITE IRON GROWTH 
DURING MALLEABLIZING 


by N. R. Kelley and B. A. Ruediger 


Conventional malleablizing practice for blackheart 
iron consisted of packing white iron castings in cast 
iron pots with slag, sand, silicon gravel, pebbles or 
mill scale, and annealing in batch type periodic 
furnaces. The packing material which minimized 
decarburization and distortion of the castings neces- 
sitated long annealing cycles of five to nine days 
because of the thermal lag between the work and the 
furnace temperature.4 


Furnace Development 


Improved periodic furnaces, such as the muffle-type 
where a double brick shell isolated the products of 
combustion from the castings, eliminated the need 
for pots and packing. Annealing cycles, however, still 
required seven to ten days since the inner refractory 
wall caused a large thermal lag between the heat 
source and the work.¢ 

With the development of electric resistance heating 
elements and radiant tubes, a new series of furnaces 
which required neither packing or pots, and which 
drastically reduced thermal lag between the work and 
heat source, were developed. Typical of these were 
batch furnaces (such as the elevator and bell type) 
and continuous furnaces (such as the pusher and 
roller hearth). Annealing cycles were reduced from 
the conventional five to nine days to one to three 
days. 

The atmosphere in these open annealing furnaces 
was generated by decarburization of the work. The 
depth of the decarburized skin on continuous 
annealed castings usually was light, however, since 
only a minor loss of atmosphere and/or introduction 
of air occurred during the charging and unloading 
operations. In batch furnaces where decarburization 
tended to be heavier, the addition of a small quantity 
of charcoal with the charge reduced decarburization 
quite effectively. 

Between 1930 and 1940 a further improvement in 
malleablizing was realized by the development of 
atmosphere producing equipment. With this equip- 
ment it was possible to produce a nondecarburizing 
atmosphere such as purified exothermic gas® by the 
partial combustion of natural gas, butane, propane or 
coke oven gas and thus eliminate for all practical 
purposes decarburization of castings during annealing. 

In the transition from gravel pack annealing to 
controlled atmosphere annealing, many problems were 
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encountered and systematically overcome. Typical of 
these is the problem which forms the basis of this 
thesis. 


INTRODUCTION 


Historical Review 


Sometime during the last decade it was observed 
by metallurgists!® that white iron chain when an- 
nealed in a self generated atmosphere* had a greater 
pitch than identical chain annealed by the conven- 
tional gravel pack process.1® Subsequent tests per- 
formed by the author in 1957 using both a self 
generated and purified exothermic atmosphere® con- 
firmed these observations. A thorough search of the 
available literature,3.4.9 however, disclosed no further 
information on this growth phenomenon. 

Since it is economically prohibitive to redesign all 
chain patterns to adjust for this increased growth, 
but economically advantageous to anneal in a gaseous 
atmosphere, the development of an open annealing 
processt whereby growth of chain could be held to 
established standards would be most desirable. 


Statement of Problem 

In particular, this thesis is concerned with deter- 
mining the effect of the following on the growth of 
white iron during malleablizing: 


1) Decarburization. - 

2) Carbon concentration. 

3) Annealing variables of heating rate, first stage 
graphitization temperature, holding time at this 
temperature and cooling rate during second stage 
graphitization. 


THEORY 


Decarburization Effect on Growth 

Literature* states that the principal functions of 
packing material such as slag, sand, silicon gravel or 
mill scale in gravel pack annealing are to minimize 
surface decarburization and distortion. Previous ob- 
servations by the author and others!® conclusively 
prove that a substantial amount of surface decar- 
burization occurs during gravel pack annealing. 

Thus it appears reasonable to conclude that: 


1) The substantially smaller growth experienced in 
the gravel pack process is directly attributable to 
surface decarburization. 

2) If surface decarburization retards growth then a 
controlled atmosphere having a high dew point 
(and thus a high decarburization potential) should 
also retard growth equally as well. 


Carbon Concentration Effect on Growth 

The malleablizing process for “blackheart” or Amer- 
ican malleable iron can be written empirically as 
follows: 


Fea + Fe,c—> Fey + CS Feat+C 
Hold Cool 


In essence, the process consists of converting ce- 
mentite to alpha iron and graphitic carbon by a 
thermal cycle. The decomposition of cementite, how- 
ever, takes place in two distinct steps, namely: 












1) Fe,;C—» Fey + C or the graphitization of cementiic 


2) Fey» Fea+C or the allotropic transformati: 
of gamma iron to alpha iron with the accompan 
ing precipitation of graphite. 


Literature*.4,9 indicates that for all practical pu: 
poses no other significant change occurs during ma 
leablizing. No other elements with the exception ©: 
silicon are present to any appreciable extent. Non 
of these elements including silicon undergo a per- 
manent chemical or metallurgical change during the 
process, with the exception perhaps at the surface 
of the iron where some oxidation might occur pro- 
viding conditions are conducive. 

From the foregoing, therefore, it seems reasonable 
to conclude that in a nondecarburizing atmosphere 
the growth of white iron during malleablizing is pri- 
marily dependent on carbon concentration unless 
annealing variables have an effect. 


Annealing Variables Effect on Growth 


The malleablizing process, as described previously, 
consists of converting cementite to alpha iron and 
graphitic carbon by a thermal cycle. In particular, 
the thermal cycle consists of: 


1) Heating to above the transformation temperature 
and holding at this temperature until the cementite 
and alpha iron are converted to gamma iron and 
graphitic carbon. 

2) Cooling slowly through the transformation range 
(1370-1330 F) to convert gamma iron to alpha iron 
and graphite. 

Since the malleablizing process in essence is only 
a decomposition process, it seems reasonable to con- 
clude that unless other elements in the iron undergo 
physical changes, the annealing variables will not 
effect the growth of white iron during malleablizing. 


Relationship Between Carbon Concentration 
and Growth 

The concentration of cementite in white iron is 
dependent on the initial carbon concentration. Since 
the densities of cementite, alpha iron and graphitic 
carbon are known,?:8 the theoretical growth of white 
iron during malleablizing can be calculated as 
follows: 


1) Since the solubility of carbon in alpha iron is 
appreciably less than 0.025 per cent (solid solu- 
bility at 723C) at room temperature, the carbon 
in solution in ferrite can be neglected. 

2) The weight of cementite and ferrite in a 100 gram 
sample of white iron of 2.00 per cent carbon con- 
tent is: 


3 Fe + C—»> Fe,C 
Molecular Wt. Fe,C - Wt. C 





Wehe= Molecular Wt. C 
Wt. Fe,C = a = 29.901 gratis 


Wt. Fe = 100 — Wt. Fe,C 
Wt. Fe = 100 — 29.901 = 70.099 grams 


which yields gamma iron and graphitic carbo: 











3) The density of ferrite and cementite are 
7.86 gms/cc? and 7.66 gms/cc®, respectively. 


The volume (V,,) that the 100 gram sample of white 
jron occupies is: 








_ Wt. Fe,C Wt. Fe 
“Density Fe,C — Density Fe 
29.901 70.099 
V,_= 766 736 12.822 cc 


4) The density (D,,) of white iron therefore is: 


_ 100gm.sample 100 _ 
D,= Vv. = 9.999 ~ 7.799 gms/cc 


5) The volume (Vy) that the malleablized white iron 
would have is (Density of graphite is 2.25 gms/cc?): 








V. = Wt. Fe Wt.C 
“™ Density Fe Density C 
98.00 2.00 


6) The density (Dy) of malleable iron is: 


100 gm. sample 


Dy = V. 





_ 100 
~ 13.357 


7) Since the density is equal to mass divided by the 
volume then the volume increase (V,) which 
white iron undergoes during malleablizing is 
D=M/V,. For a 1 cc sample of white iron the 
mass (M,,) is the density (D,) divided by 1 cc. 
Thus the volume increase 


Mw _ 7.799 — 104167 cc. 


~ i Tae 


Du = 7.487 gms/cc 


1 


8) Assuming that growth of white iron during mal- 
leablizing is anisotropic then the length increase 
(L,) of a 1 cc sample is: 


L, = VV, = vy 1.04167 = 1.0137 cm. 
9) The length increase in per cent is: 


_ L, — L original | 








L,% = 100 
dha L original 
L.% = a - 100 = 1.37% 


Thus a sample of white iron having a carbon content 
of 2.00 per cent would increase 1.37 per cent in 
length after malleablizing. 

Repeating the calculations for a 2.50 and 3.00 
per cent carbon content white iron results in growths 
of 1.70 and 2.04 per cent, respectively. 

Thus it seems reasonable to conclude that if carbon 
content controls growth in the absence of decarburi- 
zation, the growths determined experimentally should 
be essentially the same as those determined by calcu- 
lation. If the results obtained experimentally are not 
similar to those calculated, then variables other than 
those considered effect the growth of white iron 
during malleablizing. 





Figs. 1 and 2 — Split pattern used by foundries for 
sand molds. 
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PROCEDURE 


It was the purpose of this experiment to study the 
effect of annealing variables, carbon concentration 
and decarburization on the growth of white iron 
during malleablizing. 

To perform this study a supply of white iron test 
bars and chain was obtained from five malleable 
foundries. Each foundry used the same split pattern 
for the sand molds (Figs. 1 and 2). The bars were 
all 1x 1x12 in. in size with the exception of two 
tests where three 10 ft lengths of both No. 62 and 
No. 45 detachable link chain were used. Table | 
lists the suppliers of test bars by code, melting 
practice, chemical analysis and surface condition of 
the bars. Table 1 also shows that one supplier pro- 
vided test bars of varying chemical analysis. 

The bars and chain were shuffled and divided into 
groups and measured as discussed in this section. 

After measurement the bars and chain were packed 
in a AISI 310 stainless steel retort, as shown in Fig. 3. 
The retort consists of a rectangular box having a 
sand seal to provide a gas tight box wherein a con- 
trolled atmosphere can be maintained. The retort 
is provided with a gas inlet pipe which is wrapped 
around the base of the retort. The controlled atmos- 
phere is, therefore, preheated before it enters the 
retort. 

Preheating the controlled atmosphere prevents ther- 
mal shock of the test bars and minimizes thermal 
gradients between the bars and the heat source. A 
central thermocouple pipe provides an entry for the 
load couple which for all tests was of the chromel 
alumel type. To avoid disintegration of the couple 
a new ceramic insulated couple was used for each 
test. 


Test Control 


The heat source used for all tests consisted of a 
saturable reactor controlled globar box furnace hav- 
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TABLE 1— BASIC DATA ON TEST BARS AND CHAIN 











Test Bar oe — 
Supplier or Chain Bar or Chain Chemistry* Melting Bar 
Code Size, in. Cc Si Mn S 4 Practice Surface 
Ps . la- * 
A-l Ix1x12 248/240 120/129 034/029 0.070 0.118 tay all " 
. = , la- 

A2 Ix 1x12 234/232 120/127 0.26/0.23 0.075 0.104 oon gg oc ral 

A-3 Ix 1x12 230/228 118/125 0.28/023 0.061 0.104 ac ay ol 
: a Cupola- {Sand or 

A No. 62 chain oe fce. grit cleaned 
’ ~~ {Cupola- {Sand or 

A No. 45 chain lair fe. Ugrit cleaned 
B Ix1x12 2.73/2.82 127/128 051/051  0.102/0.169 re gg As-cast 
, , 9° ite {Cupola- {Sand or 

Cc Ix1x12 2.39 1.08 0.50 0.124 0.124 Jair fee. {grit cleaned 
9 {Sand or 

” oikioci Ugrit cleaned 
E Ix1x12 As-cast 


“Chemistry was determined by analysis of one or more white iron bars by supplier. 





ing a maximum temperature of 2350 F (Fig. 4). The 
annealing test cycles were controlled and recorded by 
use of a conventional program controller and strip 
chart recorder, as shown in Fig. 5. 

Controlled atmosphere for the annealing tests was 
provided by use of a purified exothermic generator 
rated 2000 cfh (Fig. 6). The air to natural gas ratio 
was maintained at 914:1. This provided a purified 


te, 3 « Alter exothermic atmosphere having an analysis of 5.5 per 


measurement, bars cent CO, 5.5 per cent H,, balance N,. By either 
and chain were using or bypassing an activated alumina dryer the 
Snes & 2 cele controlled atmosphere could be maintained at minus 


less steel retort. 


40F (0.0188 per cent water vapor) or plus 45F 
(1.003 per cent water vapor), respectively. Analysis 
of the atmosphere was made by use of a conventional 
Orsat analyzer. 


Annealing Cycles 

The respective annealing cycles used for the ex- 
perimental work were as follows: 

Test 1. Introduce the retort containing test bars 
when the furnace is at 1400 F. Heat the test bars to 
1700 + 20F at 200 F/hr. Hold the test bars at 1700 + 
20 F for 20 hr. Cool the test bars to 1420 F at maxi- 
mum furnace rate. Control cool the test bars from 
1420 F to 1280 F at 10 F/hr. Cool the test bars to 800 F 
or below at maximum furnace rate and remove test 
bars from the retort. Controlled atmosphere at 914:1 
air to natural gas ratio analyzing 5.5 per cent CO, 
5.5 per cent H,, balance N, at —40F dew point 
(0.0188 per cent water vapor) used throughout anneal- 
ing cycle. 

Test 2. Repeat Test 1 above in its entirety, ex- 
cept use a +45 F dew point (1.003 per cent water 
vapor) atmosphere. The analysis of the atmosphere is 
identical to that of Test 1 except for water vapor. 

Test 3. Anneal three each of A-1, A-2, A-3 and B 

test bars in pot type annealing furnaces at A-bar 
Wig, 4—- Mast quince Ser Gh ye Wis 8 sutures supplier’s plant. Test bars are packed with gravel 


reactor controlled globar box furnace having a maxi- ' 7 ~ ‘ 
mum temperature of 2350 F. in sealed cast iron pots. The cycle consisted of heating 














to 1620 F in 36 hr, holding 50 hr, cooling to 1400 F in 
90.5 hr, slow cooling to 1300 F in 16 hr, rapid cooling 
to 1000 F and air cooling to room temperature. 

Test 4. Anneal three C bars in pot type annealing 
furnace at C-bar supplier’s plant. Cycle consists of 
heating to 1540F in 45 hr, holding 40 hr during 
which temperature increases to 1570F, cooling to 
1400 F in 15 hr, slow cooling to 1315 F in 25 hr, fur- 
nace cooling to 1270 F in 6 hr. Air cooling pots will 
work to 1100 F in 9 hr and air cooling work to room 
temperature. Gravel packing was used. 

Test 5. Anneal three D bars in pot type annealing 
furnace at D-bar supplier’s plant. Cycle consists of 
heating to 1730 F at 230 F/hr holding for 13.75 hr, 
furnace cooling to 1400 F, cooling to 1280 F at 8 F/hr, 
furnace cooling to 1000 F and air cooling to room 
temperature. Packing for this test was 50 mesh silica 
sand. 

Test 6. Repeat Test | in its entirety, only pack 
bars in gravel and seal. No controlled atmosphere 
was used. 

Test 7. Repeat Test | in its entirety, only substi- 
tute three 10 ft lengths each of No. 45 and 62 chain 
for test bars. 

Test 8. Repeat Test 2 in its entirety, only substi- 
tute three 10 ft lengths of No. 45 and 62 chain for 
test bars. 

Test 9. Repeat Test | in its entirety, except heat 
to 1700 + 20F at 50 F/hr. 

Test 10. Repeat Test | in its entirety, except hold 
at 1700 + 20 F for 60 hr. 

Test 11. Repeat Test | in its entirety, except raise 
first stage graphitization temperature from 1700 + 
20 F to 1800 F. 

Test 12. Repeat Test | in its entirety, except cool 
between 1420 and 1280 F at 4 F/hr. 

After the respective annealing cycles the bars were 
again measured and the per cent change in length or 
growth recorded. 


X-Ray Examination and Fracture 

At the completion of the final measurement a 
statistical sample of test bars were x-rayed by a 
commercial laboratory using a 250 kva machine and 
the resulting negatives studied for casting flaws. 

Following the x-ray procedure, all test bars were 
fractured with a 250 ton hydraulic press to evaluate 
the degree of anneal and study the macrostructure 
for decarb, residual pearlite, and mottling. 

One half of the fractured bars were sampled by 
drilling in four random locations %%-in. below the 
surface to within 3%-in. of the opposite side. The 
drillings were then thoroughly mixed and a one-half 
gram sample cut and analyzed for total carbon by 
use of an induction carbon determinator. 


Micro Samples 

Finally, one end of each bar was cut off and a micro 
prepared. The micros were polished in the conven- 
tional manner through 000 paper and then polished 
in sequence on a billiard cloth using levigated alu- 
mina, a micro cloth using diamond paste and on 
billiard cloth using gamma alumina. After polishing, 


Fig. 5 — Anneal- 
ing test cycles 
were controlled 
and recorded with 
a program con- 
troller and _ strip 
chart recorder. 





the micros were etched in saturated solution of picric 
acid in alcohol for appropriate times. 

Examination of the polished and etched micros 
was made by use of a mirror-reflector type metallo- 
graph at 50 to 100 diameters or above when nec- 
essary. The micros were studied to determine varia- 
tions in nodule size, grain size, depth of decarb, 
presence of pearlite especially a pearlitic rim and 
the number of nodules in a 3x5 in. area from the 
surface inward and a similar area in the core. 


Standardized Measurement Procedure — Test Bars 


There are several ways by which the change in 
length of a specimen can be measured. For this 
study the direct method of measuring length before 
and after annealing by means of a cathetometer which 
can be directly read to 0.05mm and estimated to 
0.01 mm was used. To maintain a constant focal 
length between bars and the cathetometer each was 
fixed as shown in Figs. 7 and 8. 

Several preliminary tests to evaluate different ref- 
erence marks such as prick marks, notches, cross hair 


Fig. 6 — Con- 
trolled atmosphere 
for annealing tests 
was by use of a 
purified exotherm- 
ic generator rated 
2000 cfh. 
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Figs. 7 and8 — To maintain a constant focal length 
between bars and the cathetometer, each was fixed in 
place as shown. 


scratches and the accuracy of measuring changes in 
these surface marks as compared to parallel ground 
bar ends were made. These tests conclusively showed 
that: 


1) Surface reference marks provide data that is 
slightly more accurate than measurements between 
parallel ground ends of test bars because some of 
the test bars were slightly bent before measure- 
ment and these tended to bend more during an- 
nealing. With the surface reference method the 
length change on the four rectangular faces was 
determined and averaged thereby eliminating the 
effect of distortion of the bars. 

Of the reference marks evaluated, the prick mark 
was easiest to use both in initial marking and meas- 
uring. 


nh 
~— 


The basic sequence used throughout this experi- 
mental work for measuring change in bar length was 
to 1) Select at random three bars each from the dif- 
ferent groups (A-1, A-2, - - - D, E), 2) Grind the sur- 
face of the opposing ends of the four rectangular faces 
of each bar, 3) Code each bar to identify supplier, 
bar number, rectangular face and test number (eg: 
A1213), 4) Place prick marks on the center of each 
of the eight ground surfaces, 5) Measure the distance 


between the two prick marks on each of the four re: 
tangular faces on the bar three separate times ani 
average the three readings of each face, 6) After ma! 
leablizing remeasure as in 5 and 7) Determine the 
per cent change in length for each bar face and a\ 
erage the values of the four faces to determine the 
average growth of the bar. 


Standardized Measurement Procedure — Chain 


In the annealing tests using lengths of chain, a di 
rect measuring procedure was also used to determin: 
change in length or growth during malleablizing. 

The procedure consisted of 1) Assembling sand o: 
grit cleaned white iron chain links into 10 ft lengths, 
2) Hanging chain length from suitable support and 
loading with 50 lb weight, 3) Measuring length at 
several locations between 72 links by means of a stec! 
tape and averaging measurements, 4) Remeasuring as 
in 3 after annealing and 5) Determining the per 
cent change in length for each 10 ft chain length of 
the same size chain. 


RESULTS AND DISCUSSION 


Decarburization Effect on Growth of White 
Iron During Malleablizing 

The experimental results of test bars annealed in a 
nondecarburizing atmosphere (Test 1) and a decar- 
burizing atmosphere (Test 2, 3, 4 and 5) clearly in- 
dicate the appreciable retarding effect surface decar- 
burization has on the growth of white iron during 
malleablizing. The extent of this effect is vividly 
shown in Figs. 9 and 15. : 

The fracture evaluation and microstructure study 
confirm the presence of a decarburized skin or bars 
annealed in both a wet purified exothermic atmos- 
phere and gravel packing, as well as the absence of 
decarburization when annealing in a dry purified exo- 
thermic gas. The depth of the decarburized skin in 
test bars annealed in wet gas and gravel, as compared 
to the lack of decarburization in those bars annealed 
in dry gas, is shown in the photomicrographs (Figs. 
10, 11 and 12). 

In Test 6, the test bars were annealed in gravel for 
a cycle appreciably shorter than those common to pot- 
type annealing. Fracture evaluation and microstruc- 
ture study of these bars revealed essentially no de- 
carburization. The growth of these bars was equiva- 
lent to those obtained during a nondecarburizing an- 
neal. Thus it can be concluded that gravel in itself 
has no effect on the growth of white iron during mal- 
leablizing. 

The chain samples run in Tests 7 and 8 substan- 
tiated the results already determined in Tests 1, 2, 3, 
4 and 5 that decarburization has an appreciable re- 
tarding effect on growth of white iron during malle- 
ablizing. In addition, however, the chain tests indi- 
cate when compared to results on | x 1x 12 in. bars 
that the retarding effect on growth for a given de- 
carburized skin depth is greater the smaller the cross- 
section of the white iron casting. 

In other words, it appears that the growth of a 
small cross-section part can be retarded the same 
amount as a larger cross-section part with an appre- 
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Fig. 9— Annealing variables effect on 
growth of white iron during malleablizing. 


Fig. 10 — Typical microstructure 
of bars annealed in minus 40 F 
dew point purified exothermic at- 
mosphere (test 1). Note absence 
of decarburization and uniform 
nodule size from surface to core. 
Microstructure of samples an- 
nealed in tests 6, 7, 9, 10, 11 and 
12 were similar to that shown. 
Picric acid etch. 100 X. 





Fig. 11— Typical microstructure 
of bars annealed in plus 45 F dew 
point purified exothermic atmos- 
phere (test 2). Note decarburized 
skin, increasing nodule size and 
nodule count from surface to core, 
and absence of pearlitic rim. 
Microstructure of chain annealed 
in wet gas (test 8) was similar to 
that shown. Picric acid etch. 
100 X. 














Fig. 12 — Typical microstructure 
of bars annealed in gravel pack 
pot type annealing ovens. Note 
decarburized skin, pearlitic rim 
and increasing nodule size and 
nodule count from surface to core. 
Microstructure of bars annealed 
in test 3 and test 5 were similar 
to that shown. Picric acid etch. 
100 X. 


ciably smaller decarb skin depth and, therefore, 
amount of decarburization. 

In the overall, however, the experimental work has 
clearly verified the initial hypothesis that the sub- 
stantially smaller growth experienced in the gravel 
pack process is directly attributable to surface de- 
carburization, and that if surface decarburization re- 
tards growth then a controlled atmosphere having a 
high dew point and thus a high decarburization 
potential should also retard growth equally as well. 


Carbon Concentration Effect on Growth of 
White Iron During Malleablizing 

From a theoretical consideration of the malleabliz- 
ing process, it was concluded that unless the heat proc- 
essing affected the growth of white iron during mal- 
leablizing, growth would be almost entirely de- 
pendent on carbon concentration of the annealed 
iron. 

Figure 13, which compares the theoretical and ex- 
perimental carbon concentration vs. growth curves, 
shows a 5 per cent divergence is attributed to the 
statistical unbalance in the sample size for high and 
low carbon content test bars. A study of the statistical 
distribution of the number of bars against carbon 
ranges shows that 64 per cent of the test bars used for 
the experiments contained less than 2.50 per cent car- 
bon. 

On a low (2.00-2.35 per cent), medium (2.36-2.70 
per cent) and high (2.71 and over per cent) carbon 
split the percentages are 48.4, 34.4 and 17.2, respec- 
tively. 

However, since the 95 per cent confidence limits 
of the experimental curve include the entire range of 
the theoretical curve, it seems reasonable to conclude 
that carbon content in the absence of decarburization 
determines, for all practical purposes, the growth of 
white iron during malleablizing. 


Annealing Variables Effect on Growth of White 
Iron During Malleablizing 

A comparison of the regression curves Fig. 14 for 
Tests 1, 9, 19, 11 and 12, whereby the effect of an- 
nealing variables on growth during malleablizing 
were studied, shows essentially no differences. Thus 
















it appears that within the limits of the experiment 
annealing variables of heating rate, first stage grapl)- 
itization temperature, holding time at this tempera- 
ture and cooling rate during second stage graphitiza- 
tion have no effect on growth of white iron during 
malleablizing. 


CONCLUSIONS 
Within the limits of the experiment it is reasonable 
to conclude that the hypothesis set forth in the sec- 
tion on theory has been proved. 
In effect this study (Fig. 15) has conclusively shown 
that: 


1) The annealing variables of heating rate, first stage 
graphitization temperature, holding time at this 
temperature and cooling rate during second stage 
graphitization have no effect on the growth of 
white iron during malleablizing. 

2) In the absence of decarburization, carbon concen 
tration of the white iron determines its growth 
during malleablizing. 

3) Decarburization during the malleablizing process 
substantially retards the growth of the white iron. 


Furthermore, the experimental work has shown 
that gravel has no retarding effect on the growth of 
white iron during malleablizing. In the gravel pack 
annealing process the gravel packing by entrapping 
air and possibly through combined water resulting 
from a hygroscopic effect provides the decarburizing 
atmosphere which retards growth. 

Finally, the experimental work has shown that it is 
possible to retard growth with a short cycle anneal 
using a wet controlled atmosphere as effectively as 
in the long cycle gravel pack annealing process. Thus 
an acceptable solution to the problem which con- 
fronts the malleable chain manufacturer of holding 
pitch to that obtained by gravel pack annealing is 
feasible with a short cycle, wet controlled atmos- 
phere anneal such as that used in the experimental 
work. 
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EXPERMENTAL 


Fig. 13 — Carbon concentration effect on 
growth of white iron during malleablizing. 
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Fig. 14— Composite graphs showing 
effect of annealing variables on growth 
of white iron during malleablizing. 
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Fig. 15— Comparison of effect of de- 
carburization and absence of decarburi- 
zation on growth of white iron during 
malleablizing. 
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APPENDIX 


GROWTH VARIATION OF TEST BARS OF 
EQUIVALENT CARBON CONTENT 
It is apparent from the preceding data that there 
are some variations, in the growth of test bars having 
equivalent carbon levels. This variation is attributed 
to one or more of the following: 


1) The restraining effect of a decarburized skin on 
these as cast bars. Since the —40 F atmosphere is 
nondecarburizing, and yet several bars showed de- 
carb skins after annealing, it seems probable that 
these bars were decarburized during casting. 

2) Errors in measurement of the bars. 

3) Errors in carbon analysis. This seems probable 
since sampling of cast metals which have inher- 
ent gross segregation is difficult. When the struc- 
ture is such that the constituents on sampling tend 
to segregate, as in this case, the probability of 
getting a one-half gram sample which is truly rep- 
resentative of the entire bar is poor. 

4) Effects of shrink, porosity and similar structural 
defects found in the bars. 

5) Presence of pearlite in the annealed structure 
which would retain carbon in the combined form 
and thus retard growth. 


In the overall, however, the variation was within 
acceptable limits as the many tables and graphs 
clearly show. 


CALCULATION OF THEORETICAL 
CARBON vs. GROWTH CURVE 


From the theoretical calculation of growth for given 
carbon contents, it is apparent that the realtionship 
is a straight line. The equation for a straight line is: 


Y=a+bx 


where 


y = growth in per cent. 
x = carbon’ concentration in per cent. 
b = slope of curve. 





thus: 
2.04 — 1.37 
x 3.00—2.00 — 
therefore: 
a = y—0.670 x 


a = 2.04 — 0.670 (3.00) = 0.03 
The equation for the curve is: 
y = 0.03 + 0.670 x 


REGRESSION CURVE CALCULATION FOR 
EXPERIMENTAL GROWTH DATA 

To determine the curve which best describes the 
typical relationship between variables, the regression 
line or line of average relationship was calculated by 
the least squares method.!:7 It was assumed that 
the typical relationship between x, the carbon concen- 
tration, and y, the growth, was a straight line 
(y = a+ bx) since the theoretical curve was a straight 
line. 

By the least squares method the constants a and } 
of the equation y=a+bx are defined as follows: 


a = 2x * XY — BX° SX 
N + 3x? — (3x)? 
_ N+ 3xy —3x- By 
aan 3x? — (=x)? 
where = denotes sum, and N the sample size. 





b 





From the experimental data the following were ob- 
tained: 








Test No. x y x2 y? xy n 
l 34.68 22.06 80.79 32.75 51.35 15 

9 51.50 34.14 128.30 56.24 84.67 21 

10 50.85 33.68 123.95 54.49 81.95 21 

ll 50.95 33.99 124.75 55.42 83.05 21 

12 52.35 34.77 132.23 58.29 87.69 21 


1,9-12 240.33 158.64 590.02 257.19 388.71 99 


3,4,5 54.08 22.25 140.83 24.32 58.24 21 
2 29.68 12.04 74.04 12.36 30.18 12 





By substitution in the equations for the constants 
a and 6 the straight line equations for the respective 
tests are as follows: 








Test No. a b y=a+bx 
l 0.154 0.569 y= 0.154 + 0.569x 
9 0.467 0.472 y= 0.467 + 0.472x 
10 0.434 0.483 y= 0.434 + 0.483x 
11 0.371 0.514 y= 0.371 + 0.514x 
12 0.195 0.586 y= 0.195 + 0.586x 
1, 9-12 0.275 0.547 y= 0.275 + 0.547x 
§, 4,5 — 0.493 0.603 y = —0.493 + 0.603 x 
2 —0.567 0.635 y = —0.567 + 0.635x 





and therefore: 





For x = 2% carbon For x = 3% carbon 





Test No. ¥= 7= 

l 1.292 1.861 

9 1.411 1.883 

10 1.400 1.883 

1] 1.399 1.913 

12 1.367 1.953 

1, 9-12 1.351 1.898 
3,4,5 0.713 1.316 
2 0.703 1.338 














TABLE 2— EXPERIMENTAL GROWTH DATA 


















































Test TEST 1 TEST 2 TEST 8 TEST 4 TEST 5 TEST 6 
Bar Carbon, Growth, Carbon, Growth, Carbon, Growth, Carbon, Growth, Carbon, Growth, Carbon, Growth, 
Supplier No. % % % % % % %, % %, ” % % 
4-] ] 2.31 1.30 2.21 0.50 2.43 0.9 
2 2.18 1.53 2.21 0.52 2.55 1.03 
3 2.26 1.57 2.23 0.51 2.29 1.01 
A-2 l 2.28 1.49 2.35 0.87 2.30 0.83 
2 2.22 1.47 2.30 0.89 2.10 0.87 
3 2.20 1.45 2.28 0.92 2.33 0.95 
4-3 l 2.23 1.47 2.43 0.83 
2 2.06 1.26 2.31 0.82 
, 3 2.06 1.24 2.33 0.89 
l 
B l 2.30 1.51 2.81 1.23 2.97 1.49 2.83 1.64 
2 2.20 1.33 2.84 1.16 2.90 1.35 2.76 1.66 
if 3 2.33 1.42 2.79 1.25 2.90 1.35 2.67 1.39 
( l 2.66 1.70 2.51 1.06 2.71 0.97 2.36 1.52 
i 2 2.66 1.57 2.58 1.11 2.55 1.09 2.37 1.58 
t 3 2.73 1.75 2.53 1.04 2.40 1.02 2.30 1.52 
D l 2.67 1.66 3.11 1.34 
h 2 2.73 1.44 2.84 1.10 
3 2.98 1.36 2.97 1.25 
E l 2.59 1.21 2.40 1.30 
2 2.58 1.14 2.50 39 
3 2.78 1.13 2.55 1.36 
CONFIDENCE LIMIT CALCULATION FOR 
EXPERIMENTAL GROWTH DATA 
To determine whether the deviation between the TABLE 3 — EXPERIMENTAL GROWTH DATA 
. theoretical and experimental carbon concentration vs. 
growth curves is significant, the confidence limits for Te Chain Test 7 Test 8 
: these tests (1, 9, 10, 11 and 12) were determined as sit a Casta Lange Growth, Growth, 
7 Supplier Size No. % % 
follows: 
. A 62 l 1.44 0.49 
| Sy? = =(y*?) —[aS(y) + b (xy) ] 2 1.24 0.39 
| wa: Men N 8 1.33 0.56 
A 45 l 1.19 0.17 
) where Sy? is the square of the standard deviation. 2 1.18 0.11 
) Substituting the appropriate values: ’ 1.44 0.11 
) 257.19) —[0.275 (158.64) + 0.547 (388.71 
| gy2 — (297-19)—[0.275 (158.64) A | — 9.0095 
, 99 
, TABLE 4— EXPERIMENTAL GROWTH DATA 
Test Bar TEST 9 TEST 10 TEST ll TEST 12 
Supplier No. Carbon, % Growth, % Carbon, % Growth, % Carbon, %, Growth, % Carbon, %, Growth, % 
Al l 2.36 1.54 2.30 1.61 2.31 1.53 2.30 1.55 
2 2.31 1.56 2.16 1.57 2.30 1.58 2.31 1.65 
3 2.29 1.65 2.30 1.58 2.32 1.55 2.32 1.54 
A 2 1 2.14 1.48 2.28 1.49 2.12 1.55 2.22 1.46 
2 2.24 1.53 2.15 1.39 2.11 1.35 2.21 1.46 
3 2.12 1.37 2.09 1.50 2.15 1.53 2.22 1.50 
A 3 I 2.14 1.46 2.34 1.54 2.12 "1.55 2.18 1.44 
2 2.01 1.25 2.12 1.36 2.26 1.46 2.10 1.34 
3 2.16 1.45 2.31 1.40 2.11 1.43 2.17 1.39 
B l 2.43 1.69 2.34 1.69 2.82 1.78 2.44 1.77 
2 2.41 1.75 2.41 1.79 2.74 1.83 2.49 1.79 
3 2.55 1.86 2.38 1.72 2.57 1.75 2.40 1.70 
¢ l 2.72 1.72 2.60 1.57 2.64 1.60 2.81 1.76 
2 2.85 1.94 2.66 1.67 2.61 1.63 2.86 1.81 
3 2.73 1.73 2.60 1.56 2.67 1.69 2.79 1.75 
D l 2.49 1.87 2.73 1.89 2.70 1.88 2.80 2.01 
2 2.64 1.92 2.59 1.79 2.67 1.80 2.97 1.93 
3 290 1.80 2.77 1.90 2.63 1.79 3.06 1.97 
E l 2.77 1.63 2.50 1.52 2.35 1.49 2.56 1.63 
2 2.41 1.38 2.40 1.66 2.40 1.65 2.56 1.61 
3 2.83 1.56 2.40 1.48 2.35 1.57 2.63 1.71 











3 


Fig. 16 — Annealing variables effect on 
growth of white iron during malleabliz- 
ing, test 1. 
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Fig. 17 — Decarburization effect on 
growth of white iron during malleabliz- 
ing, test 2. 
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Fig. 18 — Decarburization effect on 
growth of white iron during malleabliz- 
ing, tests 3, 4 and 5. 
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Fig. 19 — Annealing variables effect on 
growth of white iron during malleabliz- 


ing, test 9. 





Fig. 21— Annealing variables effect on 
growth of white iron during malleabliz- 


ing, test 11. 
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Fig. 20 — Annealing variables effect on 
growth of white iron during malleabliz- 
ing, test 10. 
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Correcting Sy* for the degrees of freedom: 


— «.(/N—1\_ . (99-1) _ ' 
Sy? = sy( 3) = 0.0095 ( a) = 0.0096 


Sy = // Sy2 = v 0.0096 = 0.098 








The confidence limits, therefore, are: 


cL=+tV SY 
N 


where N = | for one sample and t = + 1.98 for 95 per 
cent confidence limits. 








therefore: 
CL = + 1.98 X 0.098 = + 0.194 


For 2.00 per cent carbon iron y = 1.351 — 0.194 = 1.157 
y = 1.351 + 0.194 = 1.545 
For 3.00 per cent carbon iron y = 1.898 — 0.194 = 1.704 
y = 1.898 + 0.194 = 2.092 


STATISTICAL SAMPLE DETERMINATION OF 

TEST BARS FOR X-RAY EVALUATION 

The sample size of test bars for x-ray evaluation 
was selected on the basis that if all the bars in the 
sample were found to be sound there would be a 
99 per cent probability that all the bars in the group 
would be sound. 

Based on a normal single sample plan,® the number 
of bars to be x-rayed for the various populations 
would be: 




























J Total No. of No. of Bars 
Supplier Test Bars X-rayed 
NEN wees arses te aaerpe<3 27 15 
SE RR oeter hak Se ere ee 25 15 
ig EEO EEE LTTE eet ee 24 15 
RS ee ren ee Eee TT ore 25 15 
Baa naan aca teed sane weiee oh 4 wee eee 25 15 
_ a Cre eee Pee 25 15 
a ote nied cel nis acnhn eleen AS ar eerily Soa a 25 15 











MICROSTRUCTURE STUDY 
In view of the extensive effort necessary to prepare 
for metallographic examination micros from all sam- 
ples, a reduced evaluation procedure was used. Two 












Fig. 22 — Annealing variables effect on 
growth of white iron during malleabliz- 
ing, test 12. 






micros for each group of three test bars (eq. A-1, A-2, 
A-3—E) were prepared for Test 1, 2 and 3. For the 
remaining tests 4-6 and 9-12, only one micro per group 
of bars was prepared unless this micro showed a sig- 
nificant difference from Tests 1, 2 or 3, respectively, 
in which case the remaining two bars were examined. 
For Tests 7, 8 and 9, three links of each chain size 
for both the + 45 F and — 40 F dew point and gravel 
pack runs were examined. 


TABLE 5 — X-RAY EVALUATION 








Bar 
Size, Sample 
Supplier in. Size Observations 

A-l 1x1x12 15 Occasional light surface porosity 

A-2 Ix1x12 15 Occasional light surface porosity 

A-3 1x1x12 15 Occasional light surface porosity 

B Ix1x12 15 Centerline shrink in direction of 
long axis in all bars; severest of 
all 1x 1x 12 in. bars. 

c Ix1x12 15 Centerline shrink in direction of 
long axis in 6 bars; evidence of 
large gas pockets. 

D Ix1lx12 15 Occasional centerline shrink in 
bars in direction of long axis 
and light porosity. 

E Ix1x12 15 Centerline shrink in direction of 


long axis in 7 bars and some 
porosity. 





SAMPLE SIZE vs. CARBON CONCENTRATION 
OF TEST BARS 
If the test bars used for Tests 1, 9, 10, 11 and 
12 are grouped in carbon concentration ranges the fol- 
lowing distribution is obtained: 





Carbon Concentration 








Range, % No. of Bars 
UI os dea ral eae sack ts meio Sean ealee 4 
I, inks aad ind boc ndn he Varin aa eee 16 
ED wos wag daSeGorss gus keeeness haan 13 
ES AUTO te ane eee eT TE 19 
CU Sains khewic en sbeseeasews ce wnk ben 1] 

BT SE Ao ta Dusan s eee eae aaeciew ssi 6 























Carbon Concentration 





























Range, % No. of Bars 
RN GAS oo gt 5 Bos aes ee eee 12 
ed ce wan an bow 2 week ante i) 
I oS o6 ds cine Gr asia bine: een pie ada 
EY Sis anna kue aw chwbak ieee ene ea 2 
EE detect ak S08 De. ee oe l 
Total ag 
%, of 
total 
ON ERR OS ere nc ae Oe eee 48 48.4 
REN Tis doa ey df a ule S pea ae hetae one eee 34 34.4 
Pe oc cco W ed cavin acne ataus 17 17.2 
Total 99 100.0 
TABLE 6 — FRACTURE EVALUATION 
Supplier 
Supplier ; and ? 
and Bar Test No. Sample Chain Test No. 
No. l 2 3 4 5 6 9 10 11 12 No. Size 7 8 
A-l l TP-D PC-D D TP TPC _ a A l 62 — D 
2 TP PC-D D TPC TPC — a 2 — D 
3 TP PC-D D TPC — TP TP 3 — D 
A-2 1 = D D TP TPC _- TPC A l 45 — D 
2 TP D D — — — TPC 2 — D 
3 — D D TPC -- _- — 8 — D 
A-3 l TP D TPC — — a 
2 TP D — — —_— — 
3 TP D TPC -— -— — 
B l PC-D TPC-D TPC-D TPC-D PC PC PC TPC 
2 PC TPC-D TPC-D PC-D PC PC PC TPC 
3 PC TPC-D TPC-D TPC-D PC PC PC TPC 
C l P D D TPC TPC TPC TPC = 
2 TP D D — PC TPC TPC TPC 
3 LP D D TPC PC — TPC —_ 
D l P-M P-D P TP PC TPC 
2 P-M TPC-D LP LP P PC 
3 P-M TPC-D LP wr PC TPC 
E 1 P — LP LP PC — 
2 P —_ LP LP LP TP 
3 P oe LP LP — _ 


Nore: Conditions found in bars denoted as pearlite (P), light pearlite (LP), trace pearlite (TP), decarb (D), pearlite core (PC), 
trace pearlite core (TPC), mottling (M), oxidation (O), and good iron (—). Blank spaces indicate no sample. 





TABLE 7— MICROSTRUCTURE STUDY 











Test Nodule Count Size 

Supplier No Surface Core Nodule Grains Structure 

A-l l 40 50 4d 6d Bar 1 of CO A-1 showed 0.010 in. decarb. All bars of CO A showed a 

A-2 ] 40 50 4d 6d light pearlitic rim and some trace pearlite in the core. 

A-3 1 30 40 4d 6d 

B 1 30 50 4d 6d Bars all showed 0.010-0.015 in. decarb. Light pearlite was present in 
rim and heavier pearlite occasionally in the core. All bars showed 
evidence of shrink. 

C 1 25 40 4d 6d Bars showed 0.010 in. decarb and pearlite rim. Light pearlite was also 
present in the core. 

D 1 20 45 4d 6d Two samples showed light decarb (0.010 in.). All bars showed heavy 
pearlite throughout. 

E ] 35 35 4d 6d One bar showed 0.010 in. decarb. All bars showed heavy pearlite 
throughout. 

A-l 2 15 40 4d 6d 0.010 - 0.015 in. ferrite, 0.040 in. small nodule 5d, no rim. 

A-2 2 10 30 4d 5d 0.015 - 0.020 in. ferrite, 0.040 - 0.060 in. small nodule 5d, no pearlite rim. 

A-3 2 — —_ — — No test bars available for annealing. 

B 2 15 25 3d 6d 0.010 - 0.015 in. ferrite 0.040 in smal] nodule 5d, no rim. 

Cc 2 15 30 4d 6d 0.015 - 0.020 in. ferrite, 0.030 - 0.040 in. smal] nodule, no rim. Size of 


nodules in skin 5d. 





(continued on next page) 








TABLE 7— MICROSTRUCTURE STUDY—(continued) 





Test Nodule Count Size 


















Supplier No Surface Core Nodule Grains Structure 

D 2 _ = — — No test bars available for annealing. i 
E 2 _— _ _ a No test bars available for annealing. 

A-l 8 15 30 4d 5d 0.020 - 0.025 in. 6d nodules, 0.010 in. decarb, trace pearlite rim. 

A-2 8 25 35 4d 5d 0.020 - 0.030 in. 6d nodules — trace pearlite rim. 

A-3 3 20 35 4d 5d 0.010 - 0.020 in. smaller nodules (6d) — trace pearlite rim. 

B 3 10 30 4d 5d 0.015 - 0.020 in. ferrite + 9.015 - 0.020 in. heavy pearlite rim. 

Cc 4 10 30 4d 5d 0.020 - 0.025 in. ferrite + 0.040 heavy pearlite rim, 6d nodules to cor« 
D 5 10 30 2d 5d 0.010 - 0.015 in. ferrite, 0.020 - 0.030 in. heavy pearlitic rim, nodules : 





to core. Nodules star shaped, pearlite blotches in core. 







































































TABLE 8 — MICROSTRUCTURE STUDY 
Test Nodule Count Size Identification Dew point, 
Supplier No. Surface Core Nodule Grains of bar or chain F Structure 
A-l 6 — _— _ _ No test bars available for annealing. 
A-2 6 _— _ _— _— No test bars available for annealing. 
A-3 6 om — _ _— No test bars available for annealing. 
B 6 15 30 5d 5d 0.005 in. decarb, surface shows scaling. 
C 6 20 30 5d 6d Trace pearlitic skin also some surface oxidation. 
D 6 a ite on _ No test bar available for annealing. 
E 6 25 35 5d 5d Trace decarb, light pearlite skin and some light surface 
oxidation. 
A 7 35 35 4d 7d No. 62 chain —40 Heavy pearlitic rim, shrink, some pearlite in core. 
A 7 35 35 4d 7d No. 45 chain —40 Heavy pearlitic rim, shrink, some pearlite in core. 
A 8 20 40 4d 8d No. 62 chain +45 0.020 - 0.030 in. decarb, heavy pearlitic rim, shrink in 
core. Nodules in core larger than in skin area. 
A 8 10 35 4d 7d No. 45 chain +45 0.020 - 0.030 in. decarb, heavy pearlitic rim, shrink in 
core, nodules larger in core. 
TABLE 9— MICROSTRUCTURE STUDY 
Test Nodule Count Size 
Supplier No. Surface Core Nodule Grains Structure 
A-l 9 40 40 4d 6d All bars showed trace pearlite in the core. Some samples showed a 
A-2 9 30 30 4d 6d light rim while others were free of pearlitic rim. 
A-3 9 35 35 4d 6d 
B 9 20 35 6d 5d Bars showed 0.010 in. decarb, shrink and pearlitic rim. Some pearlite 
in core was also evident. 
C 9 35 35 6d 5d A discontinuous pearlitic skin was evident and some light pearlite in 
the core. 
D 9 30 35 6d 5d A light pearlitic skin and some pearlite in core. 
E 9 30 30 5d 5d Trace pearlite in core and light pearlite skin. 
A- 10 40 40 6d A light discontinuous pearlitic rim was occasionally found in bars. 
A- 
A-S 35 35 td 5d 
B 10 20 35 2d 5d Bars were decarbed to 0.015 in. Shrink was evident and some pearlite 
in the core. 
C 10 30 35 4d 6d Light decarb (0.010 in.) was evident in one bar. A broken pearlitic 
rim was also evident. 
D 10 30 30 4d 5d A light pearlitic skin and some traces in core. 
10 30 30 4d 5d Traces of pearlite in core. 





4d A light discontinuous pearlitic rim was found in bars. 













4d 








11 20 30 4d 6d Bars showed 0.010 in. decarb, shrink and a pearlitic rim. Some pearlite 
was also found in core. 

1] 30 30 4d 6d A light pearlitic rim was evident and trace pearlite in thé core. 

ll 35 35 4d 5d A light pearlitic rim was evident. 

11 35 35 4d 6d A light pearlitic rim and traces in core. 






A light discontinuous pearlitic skin was evident. 






Pr >>moo 


Shrink, decarb (0.010 in.) and a pearlitic skin were evident. Some trace 
pearlite was also found in the core. 







Cc 12 30 30 5d 6d A light pearlitic skin was evident and an occasional spot of pearlite in 
the core. 
D 12 35 35 4d 6d One bar showed pearlite in core others only traces. 





Some light pearlite in core. 






















For quality control 
of resin coated sand 


ABSTRACT 


Foundrymen contemplating coated sand today can 
sometimes be confused by a myriad of sand coating 
processes available. Herein are described the various 
types of coating processes and the relative merits of 
each process. Phenolic resins and sand testing are dis- 
cussed as they relate to the coating processes them- 
selves. 

Among the processes covered are cold, warm and 
hot coating, with emphasis on the importance of melt 
point control. 


SHELL SAND MIXING PROCESSES 


With the advent of the McCulloch Report describ- 
ing the Croning process the foundries were given a 
new tool for the production of castings. This process 
described the use of a powdered resin intimately 
mixed with sand for use in producing shell molds. 
Unfortunately, the dry resin mix which was originally 
used in shell molding was found to have some serious 
drawbacks. The powdered resin, being much lighter 
than the sand, tended to segregate, and the material 
was difficult to blow. In addition, high resin per- 
centages were required which increased the cost 
of an already expensive process. 

In 1952, the first commercial equipment was 
developed for the production of resin coated sand. 
This process affected substantial economies in resin 
usage and paved the way for core blowing operations 
via shell cores. Since this original process, several 
other methods of coating sand have been developed 
which leaves the foundryman considerable latitude 
of choice when he is about to select his shell coating 
equipment. The purpose of this report, therefore, 
is to cover the various mixing processes so that the 
prospective user of coated sand can intelligently 
choose his equipment. 


Coating Materials 


In order to best explain the mixing processes, 
we should become acquainted with the materials for 
coating; phenolic resins and the methods of con- 
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trolling the coating processes. The basic material for 
coating sand is the phenolic novolak. These novolaks 
are available in powdered, lump or liquid form and 
are thermoplastic materials. Thermoplastic is a term 
used to define resins which can be softened by heat 
and on cooling will retain their original properties. 

If the basic material for coating is a phenolic 
novolak which, as said before would soften on heating, 
the question arises as to how can we strip a sand 
coated with novolak from the hot mold or pattern 
if the novolak itself will not harden under heating? 
Unfortunately, it is impossible. We must add another 
chemical called Hexamethylenetetramine which, when 
added to the novolak resin, will cause it to harden 
with the application of heat. 

In essence, the hexa-novolak mixture flows under 
heat sufficiently to bind the sand particles, and then 
with continued heating and curing hardens into a 
heat resistant structure which can be stripped from 
the pattern or core box. 

With this knowledge of phenolic resins, we can now 
pass on to the essentials of the coating process, 
which are: 


1) Liquifying the resin for coating if it is not 
already a liquid. 
2) Addition of hexa to create a thermosetting (heat 
hardenable) resin. 


~— 


Nore: The powdered novolak resins are usually mixed with 
the necessary hexa. 


Intensively mixing the hexa and resin while coat- 

ing the previously dried sand grain. 

4) Mulling to the desired extent, depending on the 
type of process. 

5) Reduction of lumps which are created. 

6) Cooling the sand prior to use. 


eo 
— 


Melt Point and Tensile Strength 


Once the sand has been coated, it becomes necessary 
to evaluate the product. Of the many properties 
which can be determined, two control checks will 
suffice for most coated sand operations. They are 
melt point and tensile strength. The tensile strength 
refers to the baked tensile strength of the coated 















Fig. 1— Melt point bar. 


sand after a period in the oven. The method for 
making tensile briquets has been discussed previously 
and requires no elaboration at this time. 

The melt point (sometimes called stick point) is 
a measure of the softening point of the phenolic 
resin on the sand grain. Figure | shows a melt point 
bar used for testing foundry sands. A strip of sand 
is placed on the brass bar and after 60 sec an air 
jet is passed over the sand to blow off any loose 
sand. The bar temperature at which the sand grains 
just bind is termed the melt point. The temperature 
gradient along the bar is obtained using small cart- 
ridge type heaters at one end, and the melt point 
is read from the thermometers in the bar. 

The air nozzle has a 1%-in. orifice 2 in. away from 
the bar, and the pressure is carefully regulated to 
10 psig. It is also a measure of the fluidity of the 
resin under heat and can be related to the perform- 
ance of the coated sand in production equipment. 
Low melt point sand gives us a maximum tensile 
with a given per cent of resin but will tend to clump 
or pack in bins. Higher melt point sand will give 
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less peel back or dropoff in foundry equipment, bu: 
the product is lower in tensile strength and take, 
longer to build up a given shell thickness. 

It is, therefore, axiomatic that the most economica 
material which the foundry can use is the coate: 
sand with the lowest possible melt point that wil 
satisfactorily perform on that particular foundry’ 
operation. Figure 2 shows the relationship between 
melt point and tensile strength of the silica sand 

Figure 3 shows the relationship between mel: 
point and rate of mold build up. 


Coated Sand Processes 

Let us consider the various processes for coatec 
sand and discuss their advantages and disadvantages 

The simplest method of coating sand is the cold 
process. This involves the use of liquid resins and 
hexa or powdered resins requiring alcohol to affec: 
the solution. The process consists of coating the sand 
with resin and hexa, elimination of the volatiles 
to dry the mix, and the breakup of the doughy mass 
which has been formed during the mulling operation 
This type of process can be run in a slow speed o1 
high speed mixer. 

The slow speed mixers have not met with much 
success as process time is long, and it is extremely 
difficult if not impossible to remove the last traces of 
volatiles. High speed mixers produce a better product 
in that shorter mixing times are possible due to the 
frictional heat built up during the cycle to aid in 
the removal of solvents. The main advantage of cold 
coating is in the capital expenditure required to 
produce the coated sand. 

Experience has shown that cold coated sand is a 
somewhat variable product and does not have the 
uniformity that hot processes tend to develop. The 
reason for this variability is that the cold process is 
basically a drying process, and the final state of the 
coated sand is an equilibrium condition which will 
exist between the sand and the humidity of that 
particular day. Cold coating has been found to be 
most suitable for solid core work where no drain-out 
characteristics are required, or for example, where 
cores may be blown over a mandrel. 

In view of the shortcomings of the cold process, 
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Fig. 3 — Mold thickness with various melt point sands, 
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the muller manufacturers then added heat to their 
equipment. Processing of sand by the warm coating 
procedure is essentially the same as cold mixing. 
By blowing hot air through or at the sand, we are 
able to reduce the cycle, increase mixer capacity and 
make for a more complete removal of the volatiles. 
It is generally felt that this is a better quality sand, 
and its performance is more consistent on shell equip- 
ment when compared to the cold process. 


Heat Effect on Tensile Strength 


Figure 4 shows the effect on tensile strength of 
adding heat to a muller. These figures show the 
increase in tensile with increasing heat, and in addi- 
tion there is a reduction in power to mix a given 
batch. A variation of the warm coating process is 
the use of warm sand; that is, sand about 150-225 F. 
This process appears to give substantially the same 
results as the warm air process. As indicated above, 
cycle times are shorter and the muller loading is 
reduced. 


It should be noted here that with the warm proc- 
esses already discussed, there is no_ intentional 
reaction of the novolak with hexa. The sole function 
of the heat is to make for a complete removal of 
the volatiles, and the mixing is strictly a coating 
operation during which time the hexa and resin are 
thoroughly mixed. In either case, it is essential that 
the sand be completely coated before the volatiles are 
removed as premature evaporation of solvent can 
cause incomplete coating and resultant low tensile 
strengths. 

A variation of the warm processes is the use of hot 
sand in conjunction with lump novolak resins. This 
process involves the heating of sand to approxi- 
mately 325 F, adding the lump resin which melts 
and coats in contact with the heated sand. Following 
the coating period, the sand is then quenched with 
a water solution of Hexamethylenetetramine. The 
reason for the late hexa addition in this case is to 
prevent the novolak from reacting with the hexa. 
By quenching with water, the resin coated sand is 
cooled to a point where there is no significant 
reaction with the hexa. If reaction between the lump 
resin and hexa did occur, melt points would be 
extremely high and low tensiles would result. 

The quality of coated sand produced from lumps 
is good, but the process lacks flexibility from the 
aspect of melt point control. Lumps in themselves 
are high melt point materials, and due to the inability 
to get lower melt points tensiles may be lower and 
buildup times on the shell machines somewhat long. 


Liquid Novolak Use 


A second type of hot coating process involves the 
use of a liquid novolak material in which there is an 
intentional reaction with the hexa to give us any 
desired melt point coated sand. This process involves 
the heating of sand to which liquid novolak and hexa 
have been added. After a period of time, the batch 
is quenched with water to arrest the reaction between 
the hexa and the resin at the desired melt point. 

With this type of process, it is possible to produce 
any melt point sand from the same base resin. In all 
other processes the melt point of the sand produced 
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is dependent on the type of resin introduced to the 
muller, and the foundryman’s only function is to 
coat the sand. 


Waxy Additives Use 

Up to this point, the use of the waxy additives 
such as calcium stearate which are described in 
Patent No. 2,706,163 have not been discussed. These 
materials improve the flowability of the sand, reduce 
power consumption, and tend to increase the tensile 
strength. They may be added to start, end or at 
both the start and end of the coating process. The 
actual point of addition can depend on the mixing 
system used and the desired end product. Each 
foundry will have to determine the best type of 
addition to meet his own needs. 

Another point not yet considered is the method of 
handling sand once it leaves the mixer. When coated 
sand is discharged it may be warm or hot and have 
a considerable number of lumps, which may be up to 
one or 2 in. in diameter. It is essential that the 
processing equipment subsequent to the muller, break 
down the lumps and cool the sand to a point where 
it will not reclump if allowed to stand. 

A gyratory or oscillating screen has been found 
satisfactory for breaking down the lumps, while a 
low pressure pneumatic handling system will ade- 
quately cool sand the required amount. High pressure 
sand conveying systems which had been used for 
transporting oil bonded core sands met with mixed 
success. Preliminary trials with the actual coated 
sand used are recommended before purchase of this 
type of equipment is made. 

It should be emphasized that material handling 
equipment after mulling is almost as important as 
the mixer itself and due consideration should be 
given it. Figure 5 shows the lumps in a typical 
batch of sand leaving the muller. 

Any of these systems can be automated to any 
desired extent. It has been the writer's experience 
that automation to eliminate a single operator has 
not been warranted. An operator should be on hand 
to insure quality of the product. Systems are, however, 
available for automatic sand, resin and catalyst 





Fig. 5 — Coated sand on discharge. 


addition which do not require a single operator. 

Let us now consider the plight of the foundryman 
who is about to make a purchase of sand coating 
equipment. Before making any major decisions, he 
should ask himself: 

For what purpose will the sand be used? If all the 
foundry plans to do with coated sand is blow solid 
cores, make strainer cores and stack pour using 
slab type molds, then a high melt point hot process 
is not easily justified as the cold coating process 


would supply adequate characteristics for this type 
of production. If, however, he is contemplating 
using this sand for large cores which need draining 
for most shell molding operations, he should definitely 
consider hot coating because of its increased reliability. 

How much sand per hour will be needed? Unfor- 
tunately, he cannot base his muller capacity on 


Fig. 6 — Automatic control board. 


figures obtained using an oil sand mixed in the same 
size muller. Resin coated sands are considerably moe 
difficult to mull and muller capacity is usually 
reduced. Another consideration involving muller 
capacity is that high resin content sand mixes require 
much more power to mix and muller loads may 
have to be reduced, especially if an original produc. 
tion estimate was made on a washed and dried 
silica sand using a low resin content. 

For example, a standard type mixer may handle 
400 lb of a silica sand, using 4 per cent resin, while 
with a bank sand, 5 per cent resin would be required, 
and the muller loading may have to be reduced to 
approximately 300 lb. In order to best determine 
actual muller capacity, it would be advisable for the 
foundry to actually coat their own sand on the 
prospective muller and accurately determine both 
mulling cycles and capacity. 

A certain amount of automation is desirable on 
any mulling unit but unless the muller man operates 
more than one muller, complete automation does not 
appear desirable or necessary. Among the considera- 
tions found helpful are automatic resin injection, 
timed mulling cycles which consist of automatic 
heat control, damper openings and discharge. The 
weighing of the resin and catalysts is a manual 
operation for which the operator has sufficient time. 
Figures 6 and 7 show a muller installation in which 
the automatic controls and resin measuring apparatus 
are seen. 

Foundrymen should examine their own particular 
needs, select a mixer with the proper capacity and 
be sure that screening and conveying equipment do 
the job for which they were intended. 


Fig. 7 — Method 
of liquid resin ad- 
dition. 





















HEAT TREATMENT OF 


Mn-V-Mo AGE-HARDENABLE 






ABSTRACT 


The age-hardening characteristics of Mn-V-Mo aus- 
tenitic steels have been determined and depend upon 
the temperature of the solution treatment. Optimum 
conditions for developing the full age-hardening poten- 
tial of an alloy are ¥2-hr at 2100 F followed by a water 
quench. Subsequent aging treatments required for maxi- 
mum hardness levels are: one hr at 1400F, 6 hr at 
1300 F, or 16 hr at 1200 F. An aging temperature of 
1250 F is optimum for controlling the balance between 
yield strength and ductility. The yield strength of 
metal in the fully aged condition is directly propor- 
tional to Brinell hardness. Yield strengths range from 
80,000 to 150,000 psi for the compositions investigated. 


INTRODUCTION 


This investigation concerned the two-stage heat 
treatment of a new family of age-hardenable austen- 
itic steels for castings. The development of these age- 
hardenable, austenitic steels was initiated by the 
lack of nonmagnetic alloys with high yield strengths 
for structural applications aboard minesweepers, 
equipment used in the proximity of magnetic instru- 
mentation and structures operating in strong electro- 
magnetic fields. 

It was previously reported that an austenitic steel 
using manganese as the principal element for stabi- 
lizing austenite could be substantially hardened by a 
two-stage heat treatment, ie., a high temperature 
solution treatment followed by a water quench, and 
then an aging treatment at an intermediate temper- 
ature.*-+ The key feature in the development of these 
alloys was the high solubility of vanadium and molyb- 
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denum carbides at a high solution temperature 
(2100 F), and the re-precipitation of these carbides 
throughout the matrix during an aging treatment at 
1300 F. 

It was reported that chromium carbides have the 
objectionable tendency to form at grain boundaries. 
Thus, for casting alloys chromium contents must be 
limited to prevent a brittle condition in the hard- 
ened state. The general composition range of alloys 
that could be age-hardened to high strength levels and 
maintain a magnetic permeability less than 1.2 was 
as follows: 


C.% Mn,% Ni,% Vi% Moa% Cr, % 
0.25-0.6 14-18 24 0.2509 03.5 0-25 










The heat treatments used in the previous inves- 
tigations incorporated a nominal solution treatment 
of one hr at 2100 F. Because of the importance of 
the heat treatment for developing the full potential 
of mechanical properties, additional studies were 
conducted concerning the effects of the variables, 
time and temperature, of the solution treatment on 
the hardness after aging and the relationship be- 
tween hardness and yield strength. It was the aim of 
this investigation to provide an optimum solution 
treatment, and a practical guide for determining the 
strength potential of an alloy by establishing a hard- 
ness-yield strength relationship. 


PROCEDURE 


Details of the foundry practice used in melting 
and casting these reactive, high manganese alloys 
were presented in a previous report, and are briefly 
reviewed here. The base melting stock (armco iron) 
was melted in a 350 lb, basic-lined induction furnace. 
The melting practice incorporated a carbon boil and 
protective covers of argon gas and basic slag to min- 
imize oxidation and hydrogen contamination. The 
molten metal was cast into molds of zircon sand con- 













230 


taining 10 per cent silica sand and one per cent core 
oil, to prevent a reaction with the mold material and 
inhibit the formation of a strong manganese oxide 
film; both can cause severe surface imperfections. 

The principal casting shape was a 4x6xl-in. plate, 
and samples for tensile testing were taken from edge 
sections to the plates. Individual 1x1x14-in. specimens 
for hardness tests were cut from random sections of 
the plates. 

The metal specimens were rapidly heated to solu- 
tion temperatures, 1900F to 2200F, in a barium 
chloride salt furnace which minimized surface oxida- 
tion. After the holding period the specimens were 
quenched in water. An air draw furnace was used 
for aging periods of 4 hr or more. An intermediate 
temperature salt furnace was used for aging periods 
less than 4 hr. The specimens were quenched in oil 
from the aging temperatures, 1200 F to 1400 F. Tem- 
perature control during the solution treatment and 
the aging treatment was +10F and +5F, respec- 
tively. 


SOLUTION TREATMENT 


The microstructure of Mn-V-Mo alloys in the as- 
cast condition is essentially an austenitic matrix with 
massive carbides at interdendritic and grain boundary 
positions, It is the purpose of the solution treatment 
to dissolve the carbides and then rapidly quench this 


homogeneous structure to a supersaturated condition. 
The hardness level in the as-cast condition ranges 
from 200-260 Brinell hardness, depending upon the 
amount of carbide forming elements in a specific al- 
loy. 


BRINELL HARDNESS OF MN-V-MO AUSTENITIC 
STEEL* GIVEN VARIOUS SOLUTION 


TREATMENTS AND AGED 
FOR 4 HR AT 1400F 





Temperature of Solution Treatment, F 

Time, Min 1900 2000 2100 2200 
Brinell Hardness 

8 — — 262 302 

15 _— 255 — 302 

30 269 241 277 285 

60 248 241 — — 

120 241 _ _ _ 

*Composition: 0.32% C, 16.3% Mn, 3.4% Ni, 0.14% Si, 0.71%, 

V, 1.45% Mo. Hardness as Cast: 201 BHN 











The elimination of the massive carbides during the 
solution treatment decreases the hardness level to 
the range of 150-200 Brinell hardness, and in this 
softened condition the metal is difficult to machine 
due to the high ductility of the base material and 
the sensitivity of the material to work harden. 

The time required to reach an essential equilib- 
rium status at solution temperatures was determined 
by a comparison of the hardness attained with a sub- 
sequent aging treatment of 4 hr at 1400F. A com- 
parison of hardness values in the fully aged condition 
provides a more sensitive test method than a com- 


parison of hardness values in the solution treated 
condition before aging. 

In the table are listed the hardness values for sam- 
ples of alloy 17 that had been fully aged after solu- 
tion treatments at 1900, 2000, 2100, and 2200F for 
time periods of 8, 15, 30 60 and 120 min. The ap- 
parent slight decrease in hardness with increased time 
for some of the solution temperatures was probably 
due to random scatter since an improved solution 
condition would be reflected as an increase in hard- 
ness. Equilibrium conditions were essentially achieved 
shortly after the temperature of the specimen had 
reached the furnace temperature, since no significant 
increase in hardness was observed as a result of ex- 
tending the time of the solution treatment. 

The shortest time periods investigated for the four 
solution temperatures were as follows: 





Solution temperature, F 2000 2100 2200 
Minimum holding time 
for solution treatment, min .... 30 15 8 8 





Although the cast structures of these alloys are 
highly segregated and complete homogeniety is not 
achieved with any solution treatment, a pseudo-equi- 
librium state is attained within: practical limits of 
time. This is further illustrated by the data in Fig. 1. 

In Fig. 1, the 1300 F aging characteristics of al- 
loy 17 are shown after the following three different 
solution treatments: Y4-hr at 2100 F, 2 hr at 1900F 
and a double solution treatment of 14-hr at 2100F 
followed by 2 hr at 1900F. A substantial increase 
in the response to the aging treatment with the use 
of the higher temperature (2100 F) is apparent. A. 
difference of 90 Brinell hardness can be noted at the 
4 hr aging period. The improved aging characteristic 
from the 2100 F solution treatment was lost, however, 
when the metal was given a second solution treatment 
at 1900 F. 

The aging characteristic after the double solution 
treatment was identical to the aging characteristic 
after the single solution treatment at 1900 F. This 
behavior supports the previous statements that a 
pseudo-equilibrium condition is attained in a relatively 
short time at solution temperatures. Although the 
times at solution temperature for data in Fig. | are 
longer than the minimum times in the previous dis- 
cussion, they are within practical limits. It should be 
pointed out, however, that the metal used in these 
experiments had solidified in a one in. section, and 
metal with a greater degree of segregation from a 
slower rate of solidification may require a longer 
solution treatment to attain an equilibrium condi- 
tion. 

The following time periods for solution treatment 
were considered to be on the safe side for their cor- 
responding temperature, and were adopted for all of 
the experiments concerning the effect of solution 
temperature on aging characteristics: 





Solution temperature, F 
Time at solution temperature,min 30 
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Fig. 1— Comparison of age hardening char- 
acteristics of a Mn-V-Mo alloy after three dif- 
ferent solution treatments. The age hardening 
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characteristics following the double solution 


treatment (2100 and 1900 F) is identical to 
that for the single treatment at the final tem- 
perature (1900F). 
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The preceding experiments concerning the opti- 
mum time for solution treatment necessarily in- 
volved the temperature variable, and a preview of 
the effect of the solution temperature on the charac- 
teristic age hardness curve was presented in Fig. 1. 
A more complete picture of the effect of solution 
temperature is presented in Figs. 2 and 3 where the 
1300 F and 1400 F age hardness curves of alloy 17 are 
shown for solution treatments at 1900, 2000, 2100 and 
2200 F. 












Alloy 17 has a nominal composition and the effect 
of solution temperature on the aging characteristics 
as shown in Figs. 2 and 3 are typical for all alloys 
in this system. Increasing the solution temperature 
from 1900 F to 2200 F substantially increases the hard- 
ness attained for any specific aging treatment. How- 
ever, the improvement in aging characteristics with 
increasing solution temperature was most pronounced 
between the temperatures of 2000 F and 2100 F, and 
the benefits obtained from higher temperatures (2200 











F) are of doubtful significance. It is concluded that 
2100 F, which was initially selected for preliminary 
heat treatments, is an optimum solution temperature 
for these age-hardenable Mn-V-Mo alloys. 


AGING TREATMENT 


Although all castings should be given an optimum 
solution treatment, it may be desirable for some 
applications to age harden for less than maximum 
hardness or yield strength. Since surface oxidation 
is not a problem at aging temperatures, the aging 
temperature can be adjusted to extend the time of 
the aging treatment and thus permit precise control 
of mechanical properties and increase ductility. 


At 1400 F the hardening reaction proceeds rapidly, 
and maximum hardness was attained in the relatively 
short time of one hr (Fig. 4) which is too short for 
proper control of mechanical properties particularly 
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Fig. 2— Temperature of solution treatment 
effect on the 1300F aging characteristics of 
Mn-V-Mo austenitic steel. 
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Fig. 3— Temperature of solution treatment 
effect on the 1400 F aging characteristics of 





BRINELL HARDNESS 


Mn-V-Mo austenitic steel. 
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when, the castings have various section thicknesses. 
Figure 5 illustrates the typical relationship between 
hardness and the aging variables, time and temper- 
ature. Hardness for a particular aging treatment 
will, of course, vary with the composition of the al- 
loy, but the maximum hardness for aging tempera- 
tures of 1300 F and 1200 F is attained in 4-8 hr and 
16 hr, respectively. 

The influence of the aging conditions on the ten- 
sile properties of the same alloy is presented in Fig. 
6. An aging treatment of 8 hr at 1300 F developed 
the highest yield strength, 110,000 psi with 12 per 
cent elongation, but a yield strength of 92,000 psi 
was developed in 16 hr at 1200 F with 31 per cent 
elongation. On the basis of these data, an intermedi- 
ate temperature (1250 F) would appear to be opti- 
mum for aging to a controlled balance between yield 
strength and ductility. 


The hardness test does not distinguish between a 
brittle or a ductile microstructure, but hardness val 
ues can serve as a useful guide for predicting the 
yield strengths of alloys that have been given com- 
parable heat treatments and have the same basic mi 
crostructure (Figs. 5 and 6). 

The relationship between yield strength and Bri- 
nell hardness for age-hardenable austenitic steels, 
with compositions in the range covered in this study 
and age hardened at 1300F for 8 hr or 1200F for 
16 hr, is presented in Fig. 7. With these conditions 
for aging, the yield strength was directly proportional 
to the hardness. Although the tensile strength is de- 
pendent upon ductility, the yield/tensile ratio is ap- 
proximately 0.75 for metal in the fully aged condi- 
tion. The overall yield strength range, 80,000 psi to 
150,000 psi, presented in Fig. 7, demonstrates a flex- 
ibility in mechanical properties that is rather unique 
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Fig. 4— Rapid increase in 
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for austenitic alloys. This flexibility should contrib- 
ute to the application of these alloys for service con- 
ditions in additjon to those with a restriction for 
magnetic permeability. 


SUMMARY 


A solution heat treatment at a minimum temper- 
ature of 2100 F is required to fully develop the age 
hardening characteristics of Mn-V-Mo austenitic steels 
in the composition range of 0.25-0.6 per cent C, 14- 
18 per cent Mn, 0.25-0.9 per cent V, 0-3.5 per cent Mo 
and 0-2.5 per cent Cr. Solution temperatures above 
2100 F do not significantly improve the age hardening 
characteristics. Extension of the time of treatment at 
2000 F does not compensate for the lower temperature. 
The optimum conditions for the solution treatment 
are 30 min at 2100 F followed by a water quench. 
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Fig. 6 — Aging conditions influence on tensile prop- 

erties of a precipitation hardening austenitic steel. 











AGING TIME (HOURS) 


Full hardness was attained within one hr at 1400 
F, but a slightly higher hardness was attained in 6 to 
8 hr at 1300F or 16 hr at 2100F. Limited tensile 
tests with an alloy having a composition with an in- 
termediate hardening potential, 0.3 per cent C, 0.6 
per cent V and 1.8 per cept Mo, developed tensile 
properties of 145,000 psi T.S., 110,000 psi Y.S. and 
12 per cent elongation with an aging treatment of 
8 hr at 1300 F. In the fully aged condition (8 hr at 
1300 F or 16 hr at 1200 F) the yield strength of the 
Mn-V-Mo alloys was directly proportional to the hard- 
ness, and yield strengths ranging from 80,000 psi to 
150,000 psi were obtained for alloys within the com- 
position limits stated above. 
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BRINELL HARDNESS 
Fig. 7— Relationship between 0.2 per cent yield 
strength and Brinell hardness for Mn-V-Mo austenitic 
alloys in the composition range of 0.25-0.6 per cent C, 
14-18 per cent Mn, 2-4 per cent Ni, 0.25-0.9 per cent 
V, 0-3.5 per cent Mo and 0-2.5 per cent Cr. Heat treat- 
ment: solution treatment % hr at 2100F, water 
quench. Aging treatments: 8 hr at 1300 F, oil quench; 
or 16 hr at 1200F, oil quench. 

















by B. F. Shepherd 


ABSTRACT 


The increasing attention given to 70/30 cupro-nickel 
for pump castings with sections 2 in. and over led to 
an investigation of the behavior characteristics of this 
alloy. Properties were found to be markedly affected 
by silicon content. The silicon level required to meet 
the tensile properties of MIL-C20159 seriously affected 
weldability. Satisfactory weldability was obtained with 
low silicon contents but did not produce the required 
tensile properties. 

The use of columbium in conjunction with silicon 
created a new weldable alloy with mechanical proper- 
ties much higher than obtained with silicon alone. The 
amount of silicon and columbium required is dependent 
upon the strength-ductility level desired. At 40,000 
psi yield strength silicon and columbium should each 
approximate 0.45 per cent. Weldability can be obtained 
at higher silicon contents with Si<Cb, and higher 
strength at lower silicon levels with Cb>Si. 

Mechanical properties are markedly affected by cool- 
ing rate in the mold. This is illustrated by tests from 
actual castings and test bars of varying mass. While the 
70/30 cast cupro-nickel alloy is not considered heat 
treatable, it is found that the mechanical properties can 
be substantially increased by homogenizing heat treat- 
ments. The effects of time, temperature and composi- 
tion are discussed. The inherent potentiality of any 
composition is realized by homogenization. This heat 
treatment can be used to neutralize the differences in 
cooling rate existing in castings, and to realize the 
maximum strength potential of any composition. 

The ductility and Brinell hardness are shown to be 
directly related to the yield strength regardless of com- 
position and/or acceptable heat treatments. 

Production heats have been made in induction and 
direct arc furnaces. Direct arc heats of 6300 Ib have 
been melted utilizing up to 100 per cent returns. The 
melting practice and analytical equipment enables 
close control of the composition, particularly the iron, 
columbium and silicon. 


INTRODUCTION 


Increasing service requirements necessitate higher 
pump pressures, making it imperative to produce 
sound castings with integrity. The weight of equip- 
ment is important so that thinner pump sections 
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which can be produced by higher strength materials 
are advantageous to the designer as well as th« 
foundryman. Corrosion resistance to sea and brackish 
water, compatability with wrought components, anti 
fouling and freedom from pitting under varying 
water velocities have directed the attention of the 
pump designer to the use of 70/30 cupro-nickel 
castings. 

Thick wall sections of bronze pump castings are 
difficult to produce hydrostatically sound, particularly 
for high pressures. Bronzes with wide freezing ranges 
such as Navy M and G have a. “pasty” solidifica- 
tion, an equiaxed crystal structure and dispersed 
porosity. Heavy sections in these bronzes are difficult 
to feed and produce free from porosity, which is 
readily exposed on machined areas or hydrostatic 
test. 

If this porosity is classified as microporosity by 
radiographic standards, impregnation can be used to 
prevent leakage. Any subsequent welding operation, 
however, will destroy the integrity of the impregnated 
area. The difficulty of welding M and G bronzes 
limits the ability to repair foundry defects. 


Literature Review 


An exploration was started to determine the char- 
acteristics of the 70/30 cupro-nickel and its applica- 
tion to high pressure pumps using MIL-C-20159 as 
a basic specification. There is little information in 
the literature regarding the founding of this bronze. 
Kihlgren! discussed the effects of melting practices 
and various elements upon castability and mechanical 
properties. He stated—“I do not believe that a simple 
cupro-nickel containing 0.25 per cent Si and 1 per 
ge is inherently able to develop over 
55,000 psi tensile strength and 20,000 psi yield 
strength.” 

In discussion of the above paper, J. Curran men- 
tioned the extreme variation often encountered in 
mechanical properties. “Two heats of almost identi- 
cal composition may be far apart in strength and 
ductility.” Kihlgren attributed these differences to 
residual elements. Curran also stated that he felt 
that the Navy specification of 32,000 psi yield point 
was criticizable, and 25,000 psi was a more realistic 
value. Kihlgren thought this point was well taken and 
that 32,000 psi yield strength was a marginal value 
with 0.50 per cent Si and 0.70 per cent Fe (Table 1). 




















TABLE 1— SUMMARY OF U.S.N. SPECIFICATIONS 





Cu Sn Zn Pb Ni Fe Mn _ Si Al P Cc Ti 





“M” 


Meta! 86 553.0 1.0 1.0x 0.25x 0.05x 
MIL-B- 89 655.0 2.0 
16541 
.” 
Metal 86 7.0 3.0 0.30x 1.0x 0.15x 0.05x 
MIL-B- 89 9.0 5.0 
16576 
70/30 
Cu-Ni Rem. — 1.0x 0.03x 28.0 0.25 1.25x 0.70x 0.50x 0.15x 0.25x 
MIL-C- $2.0 0.60 
20159 
Proposed 0.40 1.50x 
Revision 1.00 
Yield Str. Tensile Str. Elong., % 
M" Metal 16,000* 34,000 22 
“G" Metal 18,000* 40,000 20 
70/30 Cu Ni $2,000** 60.000 20 
Proposed 
Revision $2,000 60,000 15 
*Ref. A.S.T.M. B143 —0.5% elongation under load. 
**Yield Point. 





SILICON EFFECT 


Experimental heats were made in the author’s com- 
pany’s producton foundry using 600 lb and 1000 Ib 
basic-lined induction furnaces, initially using the prac- 
tices proposed by Kihlgren. The results showing the 
effect of silicon support Kihlgren’s data which have 
been reproduced in Fig. 1, and upon which the new 
values are superimposed. 

The inability to meet the United States Navy spe- 
cification supported the contentions of Kihlgren and 
Curran, In addition, it was found that the silicon 
levels necessary to increase the yield strength seriously 
affected weldability. The ability to repair castings 
by welding is a commercial necessity for any metal. 
Iron could not be used to increase the yield strength 
within the limitation of 0.60 per cent maximum 
iron of the U.S.N. specification. It was found later that 
higher iron did not materially influence the yield 
strength in the lower silicon range. 

Discussions with previous manufacturers of 70/30 
cupro-nickel while helpful did not produce any di- 
rectly applicable data. The Bureau of Ships, also 
studying the problem, had apparently improved the 
physicals by use of iron and manganese and revised 
the MIL specification, raising manganese from 1.25 
to 1.50 per cent, iron from 0.60 to 1.00 per cent 
and reducing elongation from 20 to 15 per cent. 

The increase in maximum permissible iron was 
of considerable help initially in utilizing larger per- 
centages of gates and risers in the charge make-up, 
but means were found to control the iron content. 
The above modifications of manganese and elonga- 
tion were unnecessary and not utilized in our practice. 
However, it is necessary to have about twice as much 
manganese as silicon at lower silicon levels in order 
to reduce the grain coarsening tendency of the silicon. 


COLUMBIUM AND SILICON EFFECT 


Columbium had been accepted by U.S.N., as indi- 
cated in Specification QQ-N-288-Comp. E (12/20/56) 
to provide weldability in monel metal. The Interna- 
tional Nickel Co.2 state that in general a 2 per cent 
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Fig. 1— Influence of silicon on strength and ductility. 
Heats contain major elements within the per cent range 
of; Cu — 67.1-68.6; Ni— 29.1-30.7; Mn— 0.32-1.12; 
Fe — 0.41-0.95 (except one with 1.45 per cent, desig- 
nated by dot inside the box); Cb — none. 
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columbium level will impart good weldability to Ni- 
Cu alloy castings containing up to 114 per cent silicon. 
Although good results can be obtained with only one 
per cent columbium, a greater margin of safety exists 
at the 2 per cent level. 

Initially, a master alloy containing nickel and 10 
per cent columbium was made with 8 mesh x down, 
Fe-Cb (50-60 Cb, 25-30 Fe, 5-7 Si, 5-7 Ta) to insure 
better solubility of columbium in the heat. Later, 
means were found for adding the Fe-Cb direct to 
the melt. 

It is obvious from Fig. 2 that the addition of 
columbium has enhanced the ability of silicon to in- 
crease the yield and tensile strength. In all composi- 
tions tested, the ductility and Brinell hardness were 
found to be a direct function of the yield strength, 
and are so plotted (Fig. 3). Yield strengths were de- 
termined at 0.5 per cent offset with a strain recorder 
for all tests. 

The data from Fig. 18 of Kihlgren! are superim- 
posed on Fig. 2 to show the definite and beneficial 
influence of the columbium. The 70/30 alloy with 
columbium becomes a new material with much im- 
proved mechanical characteristics. 

This is particularly important as the casting design 
can be altered accordingly with reduction of sec- 
tions, resulting in lighter castings where weight is im- 
portant and for improved soundness. 

The intensification effect of columbium in increas- 
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Fig. 2 — Influence of Si and Cb on strength of 70/30 
cupro-nickel. Heats contain major elements within the 
per cent range of; Cu— 65.7-68.4; Ni— 28.8-31.6; 
Mn — 0.83-1.41; Fe — 0.50-0.94 (except one with 1.07 
per cent designated by dot inside box); Cb — 0.33-0.83. 


ing yield strength is indicated in Fig. 4. With low 
silicon content (less than 0.40 per cent approx.), 
columbium is necessary to meet the strength re- 
quirements. As the silicon is increased, columbium 
is necessary to make the material weldable. 


COOLING RATE INFLUENCE ON 
TEST BAR PROPERTIES 


The impatience to obtain mechanical results on ex- 
perimental heats led to shaking out of the bars from 
the mold after approximately 20 min. The tempera- 
ture of the test bars at this time was approximately 
1400 F. Check tests made on bars allowed to cool for 
2 hr (temperature approximately 500 F) before shak- 
ing out showed considerable increase in yield and 
tensile strength, and all subsequent test bars were 
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Fig. 4— Influence of Cb on yield strength at various 
per cent Si levels. 


Yield Strength 











Heats with 

Heats with Si Si and Cb 

Avg. values— Avg. values — Increase 
Si, % Fig. | Fig. 2 psi % 
0.30 20,000 27,000 7,000 35.0 
0.40 23,500 37,000 13,500 57.5 
0.50 28,000 46,000 18,000 64.2 
0.60 34,500 55,500 21,000 61.0 
0.70 42,500 65,000 22,500 53.0 





allowed to cool in the mold. The elongation and 
Brinell hardness again are altered in relation to the 
yield strength. The results on six heats are shown 
in Fig. 5. 

This may explain some of the inconsistent behavior 
reported for this alloy. Inasmuch as it was probably 
caused by the mechanism of freezing of a solid solu- 
tion (nickel and copper are completely soluble at 
all temperatures) heat treatments were used to homog- 
enize the structure. 


HOMOGENIZATION HEAT TREATMENT 
INFLUENCE 


Test bars were heated in an electric furnace to 
various temperatures held for one hr at temperature 
and allowed to cool slowly to 500F or lower. A 
startling increase in yield and tensile strength was 
obtained, as shown in Fig. 6, with composition as 
shown on Table 1A. Elongation and Brinell hard- 
ness again follow the change in yield strength except 
for homogenization at 1550 F, where the elongation 
was reduced disproportionally. The strengthening ef- 
fect was noted as low as 900 F held 24 hr at tempera- 
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TABLE 1A — CHEMICAL ANALYSIS 





Ref. No. HeatNo. Cu,% Ni,% Si,% Cb,% Mn,% Fe,% 





N546 Rem. 30.8 041 0.49 1.41 0.52 
N547 Rem. 30.3 042 0.64 105 0.55 
L99-2 Rem. 296 046 0.49 105 0.66 
L99-3 Rem. 294 063 0.50 1.04 0.67 
L99-4 Rem. 29.3 0.65 0.83 104 0.86 
L99-1 Rem. 29.8 041 0.07 104 0.42 
N642 Rem. 30.4 0.33 0.33 1.36 0.58 
N643 Rem. 31.1 0.36 0.40 0.83 0.80 
N609 Rem. 29.2 0.57 041 0.99 0.55 
N610 Rem. 29.8 0.27 0.35 0.85 0.58 
N611 Rem. 305 051 0.48 113 0.56 
L362 Rem. 29.7 0.55 0.34 1.33 1.07 
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ture. Of the temperatures utilized the 1200 F tempera- 
ture gave the best mechanical properties and was used 
for most of the tests. 

Whenever the heating at temperature for one hr 
was followed by cooling in air, no change was ob- 
served in the strength. Whenever castings were homog- 
enized in a large production furnace, the increase 
was greater than that obtained in the small laboratory 
furnace. Experiments were conducted to determine 
the effect of time at temperature and cooling rate, 
as shown in Fig. 7. 

This behavior is unorthodox as it is generally as- 
sumed that thin sections of castings are structurally 
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Fig. 5 — Influence 
of time of cooling 
in mold upon yield 
andtensilestrength. ‘% |-- 

Base of 100 per cent represents values obtained by 
orthodox cooling of more than 2 hr in the mold. Bars 
indicate per cent of damage produced by removing 
from mold in 20 min. 
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Heat No.— L50 N548 L99-2 199-3 L99-4 N643 





Cu rem rem rem rem rem rem 
Ni 28.9 30.6 29.6 29.4 29.3 $1.1 

Si 0.69 0.47 0.46 0.63 0.65 0 36 
Cb 0.51 0.62 0.49 0.50 0.83 0.40 
Mn 1.32 1.05 1.05 1.04 1.04 0.83 
Fe 0.64 0.58 0.66 0.67 0.86 0.80 
Cc 0.01 0.03 0.02 0.02 0.02 0.02 





better than heavier sections. This must not be con- 
fused with the effect of mass upon soundness, and 
further discussion proceeds on the basis that all sec- 
tions are sound. It would seem, therefore, that a 
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Fig. 6 — Homogenizing temperature influence on me- 


chanical properties. Specimens furnace cooled to 500 F. 











Heat Yield Str., Tensile Elong., % 











Test Bar Treat psi Str., in 2 Bhn, 
No. No. ment 0.5 Offset psi in.  3000Kg 
L728-2 A (1) 24500 61500 42.0 99 
B (2) 32500 68000 33.0 118 
Cc (3) 29000 65500 39.0 lll 
D (4) 34500 70000 36.0 121 
L728-3 A (1) 40500 78000 33.0 134 
B (2) 45500 82000 24.0 137 
C (3) 39000 77500 30.0 140 
D (4) 45000 81500 26.0 152 
L728-4 A (1) 36000 73500 40.0 116 
B (2) 43000 79000 35.0 143 
C (3) 35000 73500 35.5 123 
D (4) 48000 80000 28.0 143 
L728-5 A (1) 33500 67500 40.0 126 
B (2) 46000 76000 29.0 137 
Cc (3) 36000 68000 36.0 121 
D (4) 46500 76000 31.0 149 
L728-6 A (1) 42000 76500 34.0 131 
B (2) 49500 80000 23.0 143 
C (3) 43000 76000 34.0 149 
D (4) 50000 82500 29.0 159 
L728-7 A (1) 49000 85000 25.0 146 
B (2) 54000 87500 21.0 156 
Cc (3) 46500 83000 28.0 156 
D (4) 54500 87000 20.0 167 
Note — All bars cooled in mold for 2 hr min. prior to heat 
treatment. 
(1) As-cast. 
(2) Homogenized: 1200 F — | hr at temp. 
Furnace cool to 500 F. 
(3) Special: 1200 F — 5 hr at temp. 
Cool in air. 
(4) Homogenized: 1200 F — 5 hr at temp. 
Furnace cool to 500 F. 
CHEMICAL ANALYSIS, % 
Test No. Cu Ni Si Cb Mn Fe 
L728-2 Rem. 31.0 0.30 0.44 1.06 0.60 
L728-3 Rem. 31.0 0.40 0.79 1.04 0.83 
L728-4 Rem. 31.4 0.42 0.59 1.14 0.73 
L728-5 Rem. 31.6 0.47 0.34 1.07 0.50 
L728-6 Rem. 31.2 0.50 0.59 1.06 0.64 
L728-7 Rem. 30.3 0.51 0.83 1.04 0.84 





Fig. 7— Time at temperature and cooling rate effect 
on mechanical properties. 


homogenization treatment can be applied to all cast- 
ings of 70 /30 cupro-nickel to realize the inherent po- 
tential strength of the composition and neutralize 
the effect caused by the quick cooling of the thinner 
sections. 

Homogenization treatments at 1200F were con- 
ducted on 12 heats with silicon from 0.27 to 0.57 
per cent, and columbium from 0.33 to 0.83 per cent. 
Figure 8 shows the strength values (particularly yield 
strength) to be, or above, average level of the band ob- 
tained: by the conventional as cast bars cooled in the 
mold, and shown in Fig. 2. 


MASS AND COOLING RATE INFLUENCE 
ON MECHANICAL PROPERTIES 


The effect of cooling rate upon tensile properties 
was pursued further by using test bars of larger mass, 
which alters the cooling rate. Separately cast test bars 
have many advantages, and “cast on” test bars are 
rarely used for non-ferrous metals. It may be well to 
restate the three main purposes for which castings 
are tested:3 





1) Acceptance for delivery. 

2) Control of foundry operations. 

3) Research into casting process and properties of 
castings. 

It is essential, therefore, that the test bar design be 
such as to guarantee consistency and represent the 
metal poured in the casting. The pouring temperature 
range should be that which will produce maximum 
consistency in the test bar properties. The relation- 
ship of these properties to those of the casting can 
only be determined by actual tests. The expected 
variation will depend upon the establishment and 
control of optimum conditions for pouring the cast- 
ings. Uniformity of properties in any individual cast- 
ing will be a function of its particular design and 
control of the casting operation. 

Designing test bars is a popular metallurgical pas- 
time especially for a new and slightly different com- 
position. The results to be cited in Tables 2 to 7 in- 
clusive are on accepted shapes of test bars, as shown 
on Fig. 9. Pouring temperatures were approximately 
2500 F. Bars poured at lower temperatures were con- 
sistently defective due to the inability of the metal 
to free itself from entrapped air, as shown in Fig. 10. 
Gammagraphs were also taken of the various types of 
test coupons to determine shrinkage characteristics. 


MASS OF TEST BAR EFFECT 


The | in. Y-test bar, A.S.T.M. A339-55, was cast in 
dry sand and in a copper mold. All other bars were 
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Fig. 8 — Homogenization influence on mechanical 
properties as a function of silicon content. Heats con- 
tain Cb— 0.33-0.83 per cent. Black dot — as-cast, 
cooled 2 hr in mold; circle — homogenized, ccoled 2 hr 
in mold 1200 F, one hr at temp., F.C. 
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CROSS SECTION SHOWING 
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Fig. 9— Types of test bars (left) and cross- 
section showing surrounding mold material (right). 
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Fig. 10 — Gammagraph of Webbert bar poured below 
2450 F. Note trapped air pockets in bar. 


cast in dry sand. Unless otherwise indicated, all test 
bars in the data were threaded, 2 x 0.505 in., A.S.T.M. 
A370, machined from Webbert bars, A.S.T.M. B208. 
The 3 in. Y-bar was also A.S.T.M. A339-55, and tests 
were taken from the corner and center of the 3 in. 
section. The “Inco” bar was unsuitable because 
too many bars were defective due to trapped air. 
Whenever these bars were sound the results have 
been reported. 

These tests again illustrate the effect of cooling 
rate of the test bar coupon. Even the slightly heavier 
mass of the | in. Y-bar produces higher properties 
than the Webbert bar, whereas the same bar cast in 
a copper mold has consistently lower values. The 3 in. 
Y-bar shows little difference between corner and cen- 
ter tests, and in many cases are higher than the 
| in. Y-bar properties. Wherever usable, the results 


TABLE 2— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR AND 
HEAT TREATMENT 





Heat N609 








- 7 : 0.5% Elong. Bhn 
Basic D ! ” - . , ° 
oad note Yield Str. Tensile Str. % 3000 Kg 
6300 lb AC Homo AC Homo AC Homo AC Homo 
U.S.N. dry sand 51,000 61,500 83,000 89,500 28 22% 143 163 
lin. Y 
copper mold 45,500 80,000 35 137 
| in. Y dry sand 55,500 61,000 83,500 87,000 24 20 163 167 
3 in. Y dry sand 
corner 49,500 61,500 78,500 87,500 26 21 149 167 
center 43,000 57,000 74,000 83,000 30 20 140 159 
AC — As-Cast. 


Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 


Composition, % 
Mn Fe Cb Si Ni Cc S P Pb Al Ti Zn 
0.99 0.55 0.41 0.57 30.15 0.01 0.003 < 9.020 0.016 0.005 0.05 <0.10 














from the “Inco” bar are lower than the Webbert 


bar. 

The homogenization treatment eliminates the larve 
differences caused by the initial cooling rate in these 
bars of different mass (Tables 2 to 7, inclusive). 


CASTINGS PROPERTIES 


Test bars were taken at locations of particular in- 
terest from two pump castings weighing 3950 Ib 
(cleaned weight) (Fig. 11). One heat (N609) con- 
tained high silicon (0.57 per cent) and the other 
heat (N610) had low (0.27 per cent) silicon content 
(Table 8). The standard Webbert test bar from 
heat N610 was below specification for yield strength, 
but values after homogenization at 1200F were 
satisfactory. 

All the bars were taken from the 114 to 134 in. 
thick sections near the outside, except Test N609- 
B-1 which was taken close to the inside surface. These 
tests were essentially equivalent. 

Heat N610 with low silicon was self homogeniz- 
ing because of the slow cooling rates obtained on 
this large casting. The values were considerably higher 
than the standard test bar and relatively unchanged 
by the homogenization heat treatment. 

The values from N609 casting with high silicon were 
lowered slightly below the as-cast test bar value, and 
considerably under the homogenized test bar. Homog- 
enization of the casting slightly lowered the values. 


Mass Effect — 70/30 vs. “M” Metal 


The effect of mass on M metal test bars was 
determined in a similar manner to that previously 
described for 70/30 (Fig. 9), with results shown in 


TABLE 3— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR AND 
HEAT TREATMENT 








Heat N610 

ome ag ie 0.5% Elong., Bhn, 
Basic Direct Arc Yield Str. Tensile Str. %o 3000 Kg 
60% Returns — _ 
6300 Ib AC Homo AC Homo AC Homo AC Homo 





U.S.N. dry sand 25,000 36,500 60,000 71,000 40 $31 95.5 118 
1 in. Y dry sand 26,000 34,500 61,000 69,000 39 31.5 101 121 
3 in. Y dry sand 

corner 28,000 36,500 63,500 70,000 34 27 99.2 123 

center 28,000 35,000 60,000 67,000 35 27 99.2 126 

AC — As-Cast. 
Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 


Composition, % 
Mn Fe Cb Si Ni Cc S P Pb Al Ti in 
0.85 0.58 0.35 0.27 29.83 0.02 0.012 <0.020 0.00 0.004 0.05 <0.10 








TABLE 4— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR AND 
HEAT TREATMENT 








Heat N611 

oe 0.5% Elong., Bhn, 
oe nee Ave Yield Str. Tensile Str. %e 3000 Kg 
6300 Ib AC Homo AC Homo AC Homo AC Homo 





U.S.N. dry sand 44,000 55,000 78,500 85,500 29 24 131 149 
1 in. Y dry sand 47,500 55,500 78,000 85,000 27 25% 148 152 
8 in. Y dry sand 

corner 36,500 53,500 71,500 84,500 37 26 123 156 

center 33,500 67,000 33 116 

AC — As-Cast. 
Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 


Composition, % 





Mn Fe Cb Si Ni Cc S P Pb Al Ti Zn 
1.13 0.56 0.43 0.51 30.54 0.03 0.004 <0.020 0.004 0.006 0.05 <0.10 
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Table 9. Pouring temperature of 2050 F was deter- 
mined with an immersion chromel-alumel thermo- 
couple. 


Young’s Modulus — 70/30 vs. “M” Metal 

Bars were suspended at their nodes and vibrated as 
free-free bars, the frequency measured and the mod- 
ulus calculated from the dimensions, density and 
natural vibration frequency. 











Specific 
Gravity P f E 
“M” Metal 8.673 0.313 1055 13.3 x 106 
70/30 Cu Ni 8.885 0.320 1292 20.5 x 106 
METALLOGRAPHY 


Studies of the structural changes produced by 
columbium at various silicon levels and cooling rates 
are being made. The effect of the so-called “homoge- 
nization” heat treatment is also being investigated 
metallographically. These studies will be reported at 
a later date. 


WELDING 


The weldability of a material is a relative term. 
Many metals are easily weldable by a variety of 
methods. Many others are weldable only with special 


TABLE 5— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR AND 
HEAT TREATMENT 











Heat N642 - 

ne ; 0.5% Elong., Bhn, 
Basic Direct Arc Yield Str. Tensile Str. % 3000 Kg 
90% Returns — 
6300 Ib AC Homo AC Homo AC Homo AC Homo 





U.S.N. dry sand 23,500 39,500 57,500 70,500 47 33% 99.2 128 
1 in. 
copper mold 26,000 61,500 39 103 
1 in. Y dry sand 25,000 30,500 58,500 64,000 40 34 87.1 123 
8 in. Y dry sand 
corner 24,500 30,500 59,500 64,000 41 33 103 114 
center 26,000 30,500 59,000 64,000 38 31 103 116 
Inco dry sand 23,000 32,500 58,000 67,500 43 29 93.7 116 
Outside corners of 
runner 1% in. x 2% 
in. cross-section on 


parting line R.31,500 62,000 35 111 
R1.31,500 62,500 35 116 
AC — As-Cast. 


Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 


Composition, % 
Mn Fe Cb Si Ni C S P Pb Al Ti Sn Zn 
1.36 0.58 0.33 0.38 30.4 0.02 0.008 <0.020 0.007 0.005 < 0.003 0.004 N.D. 








TABLE 6— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR AND 
HEAT TREATMENT 











Heat N643 

O50 0.5% Elong., Bhn, 
Par —— Yield Str. Tensile Str. % 3000 Kg 
6300 Ib AC Homo AC Homo AC Homo AC Homo 





U.S.N. dry sand 30,000 39,500 65,400 73,000 37 33 107 128 
lin. Y 
copper mold 28,500 64,000 40 111 
1 in. ¥ dry sand 32,500 40,000 68,500 75,500 37 34 114 131 
8 in. Y dry sand 
corner 37,000 38,500 71,500 73,000 31 30 128 131 
center 34,500 37,500 66,000 70,500 30 $31 121} 131 
Inco dry sand 28,500 37,500 64,000 72,500 43 $7 107 131 
Outside corners of 
runner 1% in. x 24 
in. cross-section on 
parting line $0,000 
AC — As-Cast. 
Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F 


63,500 35 116 


Composition, % 
Mn Fe Cb Si Ni C S ar Ti Sn Zn 
0.83 0.80 0.40 0.36 31.1 0.02 0.011 <0.020 0.007 0.005 <9.003 0.004 N.D. 











Fig. 11— Location of test bars removed from castings. 


TABLE 7— MECHANICAL PROPERTIES VARIATION 
WITH TYPE OF TEST BAR 





Heat L362 














0.5% Elong. Bhn, 
Induction Melt - ‘ on in ° ; 
100% Returns — Yield Str. Tensile Str. %  —3000Kg 
555 Ib AC Homo AC Homo AC Homo AC Homo 
U.S.N. dry sand 40,500 _ 72,500 ~ $8 131 - 
lin. Y 
copper mold 34,000 52,000 67,500 82,000 37 25 126 149 
1 in. Y dry sand 41,500 47,500 71,500 74,000 33 30 148 137 
3 in. Y dry sand 
corner 40,500 44,500 69,500 68,500 31. 24 137 131 
center 41,500 46,500 71,000 74,000 29 24 134 143 
Inco dry sand = 51,000 68,500 80,500 $1 30 126 146 
AC — As-Cast. 


Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 


Composition, % 
Mn Fe Cb Si Ni C § P 
1.33 1.07 0.34 0.55 29.7 0.009 0.009 < 0.020 








TABLE 8— MECHANICAL PROPERTIES OF TEST 
BARS FROM CASTINGS 





0.5% Elong., Bhn, 
Yield Str. Tensile Str. % 3000 Kg 
AC Homo AC Homo AC Homo AC Homo 
Heat 609, composition, %: : 
Cu-68.3, Mn-0.99, Fe-0.55, Cb-0.41, Si-0.57 
Webbert Test Bars 51,000 83,000 28 148 
61,500 89,500 2244 163 








Section 
Thick- 
Bar Loc. ness, 
No. No. in. 


A 1 1%* 46,500 75,500 19 156 
B l 1m** 46,500 78,000 19 156 
G 4 1V¥e*e 49,500 77,500 21 149 
H 4 lve 43,000 72,500 23 156 
J 5 1%* 46,000 76,000 17 152 
K 5 1° 45,500 73,500 15 149 


Heat 610, composition, %: 

Cu-68.1, Mn-0.85, Fe-0.58, Cb-0.35, Si-0.27 

Webbert Test Bars 25,000 60,000 40 95.5 
36,500 71,000 31 118 


Section 
Thick- 
Bar Loc. ness, 
No. No. in. 


A ] 1%* 38,000 65,500 22 118 

B l 1%* 38,000 68 ,000 26 128 

G 4 14° 38,500 67,000 26 12) 

H 4 lve 36,000 63,000 21 128 

J 5 1%* 36,000 64,000 23 121 

K 5 1”* 35,500 64,500 24 123 
AC — As-Cast. 


Homo — Homogenized at 1200 F —1 hr at temp. 
Furnace cool to 500 F. 
*Close to outside surface. 
**Close to inside surface. 











TABLE 9— MASS EFFECT ON “M” METAL 





Yield Str., Tensile 





0.5% Str., Elong., 
psi psi % Grain Type 
Webbert bar dry sand 18,000 42,000 38 Medium 
1 in. dry sand 18,500 36,500 22 Coarse 
1 in. copper mold 23,500 51,500 45 Very fine 
3 in. dry sand -corner 17,500 36,000 27 Medium 
3 in. dry sand -center Broke in machining threads Dendritic 


(See Fig. 12) 
Composition, %, 





Cu Sn Pb Zn Sb P S Ni Fe 


87.42 589 146 425 0.047 0.005 0.040 087 0.092 





attention. The shape and area to be welded is of 
considerable importance. 


Minor and major welds have been generally de- 
fined in terms of section thickness and area. Many 
parts are assembled by welding with other castings. 
Qualified operators are required in many cases to pro- 
duce welds of satisfactory quality. Quality is judged 
in many ways from visual. freedom from voids to in- 
tensive dye penetrant, magnetic particle and/or ra- 
diographic inspection to various quality classifications. 

The welding rod in many cases is selected on basis 
of ease of welding and many times required to produce 
a weld having composition and strength compatible 
with the casting. The need for stress relief or heat 
treating after welding affects the end quality and 
therefore the weldability. 


Many types of tests are used to evaluate weldability, 
and, unfortunately, are related to and dependent 








upon other characteristics. In the case of 70/30 cupro- 
nickel, the material can be rated on the ability to elec- 
trically weld repair foundry defects falling in the 
“minor” classification without causing cracks to form 
in or around the weld. 

The U.S.N. QPL list for MIL-E-19323 (1/31/58) 
welding rod lists approved rods for 70/30 cupro-nickel 
which are weldable materials, but are not expected to 
produce strengths equal to the requirements for the 
casting, as indicated in Par. 3.5.3.3.1—“‘Tensile strength 
of weld metal should be 50,000 psi.” It is obvious 
that use of such materials for “through section’ welds 
reduces the strength in these sections, and such weics 
should only be made with due regard for this feature. 

A fully restrained weld was made on the Webbert 
bar by filling a 3%-in. deep x 34-in. wide x 23,-in. 
long sled runner type groove with 5 to 6 passes of 
54o-in. A.W.S. ECu Ni weld rod at 140 amps. DC, 
reverse polarity. Welding was started at ambient tem- 
perature and was continuous, i.e., no attempt made 
to control interpass temperature. 

A slab approximately 3%-in. thick was cut from 
each plate, as shown in Fig. 13. A similar slab was 
bent unwelded. In most cases, the ductility of the 
base material was high enough to permit 180 degree 
bends, as shown in Fig. 14. Where yield strength is 
above approximately 55,000 psi, the base material 
cracked at about 45 degrees, the base material of the 
welded slab cracking in a similar fashion. Typical 
weld tests are shown in Fig. 14. The composition and 
physical tests of these heats are listed in Table 10. 

None of the weld tests show any internal or sur- 
face cracks as welded. 


Fig. 12 — Fracture of 
tensile test bar taken 
from center of 3 in. Y- 
block. “M” metal. 10 X. 














243 



































TABLE 10— COMPOSITION AND PHYSICAL TESTS ALL WELD METAL TESTS 














Composition, % Yield Tensile Elong., All weld 0.505 in. test bars were machined from 

e HeatNo. Ni Mn Fe Cb Si __ Str. Str. %, groove welds with groove length 6 in. thickness 34-in. 
n Nol0-4 298 0.85 0.58 035 027 25,500 60,000 3914 beveled sides 30 degrees (60 degrees included angle), 
N612-8 304 135 057 0.83 0.33 23,500 57,500 47 root opening 1%4-in. and face opening 114-in. The 

) N643-8 31.1 0.83 0.80 0.40 0.36 30,000 64,500 37 electrode was % ,-in.* used at 180 amps., direct current 
I K485-5 293 E17 0.79 O77 O58 41000 T8800 reversed polarity. The groove was completed with 14 


N546 30.8 1.41 052 549 041 36,500 73,500 35% 











D N547 30.3 1.05 055 0.64 0.42 38500 74.500 30 passes with welding started cold and finished with 
: N6II1-1 296 1.13 0.56 0.43 0.51 44,000 78,500 29 continuous welding. 
1 K695 30.3 1.10 0.81 0.68 0.55 49,500 84,000 24% 
; N609-2 29.2 0.99 0.55 0.41 0.57 51,000 83,000 28 ALL WELD METAL DEPOSIT TENSILE PROPERTIES 
N99-4* 29.3 1.04 0.86 0.83 0.65 60,000 93,000 15 = - 
N50-2* 28.9 1.32 0.64 0.51 0.69 65,500 90,500 131% Pray nal — yer kee 
*Bent 45 degrees before crack appeared. Heats of this Si level a ain ba - 
without Cb could not be welded without cracking during weld- As welded 25,500 51,500 49 85.5 
ing even with preheat and/or interpass control. 1200 F 
All other tests show no cracks at 180 degrees bend. Homogenization 26,000 52,000 46 92 
Chemical analysis of all weld metal deposit, % 
Cu Ni Mn Sn Fe Pb Si Al °c 2. § 





66.94 Bal. 0.81 <0.01 0.57 0.007 0.16 0.0006 0.003 0.044 0.03 0.009 





FOUNDRY CONTROL 


The foundry controls needed to produce material 


Finish %-in. thick. a ens 
bh Bin, Cae within the narrow composition range are greatly fa- 


%-in. deep nese , , 

34-in. wide. cilitated by a direct reading x-ray fluorescent spectro- 
2%g-in. long. graph, which enables material to be held in the 
vee Seater eub- furnace until the desired composition is obtained. 


A specimen approximately 134-in. round at base 
is cast in a tapered copper mold, knocked out after 
2 min, %-in. of the end cut off with a friction 
wheel, and smoothed on a disc sander. The controls 
are set for the desired elements and unknown samples 
are inserted, a button pushed and the data printed on 


*A.S.T.M. — B225-53T (Class E Cu-Ni) 
A.WS. — A5.6-53T (Class E Cu-Ni) 








Degree of bend to 
failure in base 
metal, 180 degree. 
Weld — no cracks. 


Fig. 13 — Restrained weld test on author’s company 
specification 607; Webbert test A.S.T.M.-B206; Navy 
specification App. II, Part A. Jig for guided bend test 
in accordance to MIL standard 248, Fig. 6. Filled with 
5 or 6 passes of 542-in. rod with 140 amps (D.C. reverse 
polarity). U.S.N. QPL list for MIL-E-19323. Poured 
from heat L728-5C. 








Not welded 








a tape. The time from pouring to reporting analysis 
for five elements is approximately 6-7 min. 

The establishment of practical specification values 
for any strength level is facilitated by the procedure 
shown in Fig. 15. 





YIELD & TENSILE STRENGTH , 1000 Psi 


YIELD STRENGTH, 1000 PS) 





35 » 25 20 
% ELONGATION 60 58 56 54 42 50 48 46 4a 
DIA. OF IMPRESSION (MM) — BHN- 3000 KG — |OMM. 


Fig. 15 — Specification values must be obtainable with 
the controls used on composition. Wherever physical 
properties are sensitive to composition, specification 
values can be realistically set by use of a property 
band, as shown above. The proper relationship of ten- 
sile strength to yield strength specification values can 
be obtained from the lower limit of the band. The per 
cent silicon necessary to produce this strength is shown 
on the graph, and establishes itself as the minimum 
value of the chemical specification. The range of silicon 
required to control this element establishes the maxi- 
mum specification value for silicon. The expected yield 
strength with this maximum silicon governs the mini- 
mum elongation and Brinell hardness specification 
values. These are obtained from the relationship of 
yield strength to expected minimum values, as shown in 
the lower portion of the graph. 


Fig. 14 — Bend test on welded samples. 








CONCLUSION 


The desirable foundry characteristics of 70/30 cup- 
ro-nickel, particularly in thick sectioned castings, are 
accompanied by a sensitivity of physical properties and 
weldability as a function of chemical composition and 
cooling rate. Weldability is improved and _ physical 
properties increased for any given silicon content by 
additions of columbium. 

Fast cooling through the red heat range reduces 
the physical properties, and the heavier sections of 
castings show higher strength valves due to the slower 
cooling, contrary to the usual assumptions. The maxi- 
mum properties inherent in the composition can be 
developed by reheating to approximately 1200 F and 
cooling slowly to 500 F. 

The physical properties of the columbium bearing 
70/30 cupro-nickel are so superior that recognition of 
a new alloy is warranted. This is particularly im- 
portant on account of the increasing utilization of 
70/30 in castings. 
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POROSITY-FREE 


MAGNESIUM ALLOY CASTINGS 


ABSTRACT 


A study of the effect of chills on sand cast magnesi- 
um revealed the conditions which must be met to ob- 
tain porosity-free metal. A thermal gradient of 5 F/in. 
must be established before the metal temperature falls 
more than approximately 50F below the liquidus. 

Thermal data were obtained from a wide size range 
of bar and plate castings. Typical thermal and mechani- 
cal property data from chilled and unchilled castings 
are presented. While this work was done with AZ63A, 
it is felt that the results are applicable to other 
Mg-Al-Zn casting alloys. The principles involved should 
hold for other Mg base alloys and also for other metals. 


INTRODUCTION 


An understanding of solidification and the factors 
which affect it is essential to the production of sound 
castings. Solidification mode can be modified in sev- 
eral ways. A popular method is by the use of chills 
to achieve directional solidification. 

Although the use of chills is a long established 
foundry practice, it has been only comparatively re- 
cently that quantitative data on chill effects have 
been published. Empirical formulas have been de- 
rived to express the relationship between chills and 
the feeding range of risers for steel castings.1 Other 
reports discuss the effect of chills on mechanical prop- 
erties, grain size and heat treatability.2:3 The crit- 
ical size of chills has also received considerable at- 
tention.1:4-5 The underlying theme of studies of chill 
effects has been to increase casting soundness by the 
elimination of porosity. 

The sources of porosity are gas and solidification 
shrinkage. Baker® has demonstrated quite conclusively 
that porosity in properly melted and degassed mag- 
nesium alloy sand castings is due to solidification 
shrinkage. Shrinkage porosity results from feed block- 
age by several possible mechanisms. As crystals grow 
some of the feed channels may become too small for 
liquid metal to pass through them. Other possible 
mechanisms are blockage of feed channels by segre- 
gate particles or crystal growth. In any case, small 
pools of liquid metal are cut off from further feeding, 
and their shrinkage upon solidification results in po- 
rosity. 


R. D. GREEN is Rsch. Engr., Met. Laboratory, The Dow Metal 
Products Co., Div. of The Dow Chemical Co., Midland, Mich. 
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THERMAL REQUIREMENTS 


by R. D. Green 


In order to avoid porosity it is necessary to have 
progressive solidification (i.e., a narrow band freez- 
ing wave traveling toward a reservoir of molten 
metal). Since most alloys go through a mushy stage 
in solidification, directional solidification can be 
achieved only if adequate thermal gradients are pres- 
ent. The mode of directional solidification in alloys 
can be pictured by imagining a mushy band (liquid 
and solid) progressing through the metal. The liq- 
uid-mushy interface may be considered as the start 
of freeze and the solid-mushy interface as the end of 
freeze. The degree of directionality of solidification 
is determined by the relative width of the mushy 
band and its rate of travel. These are both func- 
tions of thermal gradients. 

Tine mode of solidification of a given metal is in- 
fluenced by several factors as explained by Bishop 
and Pellini.? These include the mold wall thermal 
properties, the liquidus to solidus range, thermal con- 
ductivity of the metal and the solidification temper- 
ature. Of the preceding, a long liquidus-solidus range, 
high thermal conductivity and a low solidification 
temperature are contributory to poor directional so- 
lidification and are characteristic of the Mg-Al-Zn 
casting alloys. 

The only factor which can be modified to any 
great extent is the mold wall thermal properties. If 
sand is replaced by a metal chill, large quantities of 
heat can be absorbed and conducted rapidly from 
the interface. Thus, the interface is at a fairly low 
temperature, and steep thermal gradients are estab- 
lished by the solidifying metal. Under these condi- 
tions, solidification can progress directionally toward 
reservoirs of molten metal. The following data were 
obtained from a study of the thermal conditions re- 
quired to achieve directional solidification in mag- 
nesium-base casting alloys. 


APPARATUS AND PROCEDURE 


A series of chilled and unchilled bar and plate cast- 
ings was cast in green sand molds. The molds were 
made in a specially constructed flask, which permit- 
ted mold size variations while maintaining a fair de- 
gree of mold wall uniformity. The moisture content 
and mold hardness were measured and kept as con- 
stant as possible. 

All melts were prepared from one batch of AZ63A 



































Fig. 1 — Bar casting showing chill placement. 


ingots. AZ63A was used since it is the Mg-Al-Zn-Mn 
alloy with the greatest tendency for porosity.9 The 
metal was chlorinated at 1350 F, superheated at 1650 
F, allowed to cool at 1450 F and poured. A proprie- 
tary flux was used for protection. 

The chill arrangements for bar and plate castings 
are shown in Figs. | and 2. The castings were poured 
from the riser end. The dimensions of the bar cast- 
ing chills are given in Table 1, and the dimensions 
of the plate casting chills are shown in Fig. 3. The 
steel chills were scored with a 14-in. grid on the con- 
tact surface and sand blasted before each use. No 
chill wash was used. 

Metal temperatures during solidification were re- 
corded with a high speed, 16 point Brown recording 
potentiometer. Glass insulated iron-constantan ther- 
mocouples were placed at 2-in. intervals along the 
centerline and the mold-metal interface of the bar 
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Fig. 2 — Chill placement for plate castings. 


castings. Thermocouples were placed along the center- 
line, the quarter line and the mold-metal interface of 
the plate castings. 

All of the castings were radiographed to locate po- 
rosity. Metallographic examination of some of the 
first castings resulted in porosity, ratings the same as 
those obtained from the radiographs. Therefore, 
porosity in later work was determined solely by 
radiography. 

Most of the castings were sectioned to provide 
specimens for mechanical property tests. Coupons 
were cut longitudinally from the bar castings (adja- 
cent to the thermocouples) and transversely from 
the plate castings. The coupons were solution heat 
treated for 16 hr at 730 F, quenched on a cold plate, 
aged for 5 hr at 425 F, machined into test bars and 
tested. 


RESULTS AND DISCUSSION 


Bar Castings 


Twenty-four bar castings were prepared and stud- 
ied, as listed in Table 2. The results obtained from 
unchilled 4x4 in. and 3x3 in. bars were so similar 
that only 3x3 in. bars were used to study chill effects. 
In all phases of this investigation, the similarity of 
results was so strong that only typical thermal data 
curves are shown. 

Since we were interested in determining thermal 
gradients through the freezing range, the thermal data 
obtained were plotted as families of isochronous 
temperature distribution curves. A typical set of 
curves from an unchilled bar casting is shown in Fig. 
4. The riser end is at the right. In order to determine. 
the gradient necessary to achieve soundness, the bars 
were sectioned and radiographed. In general, the bars 


TABLE 1— CHILL DESIGNATIONS 
FOR BAR CASTINGS 
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CHILL DIMENSIONS (IN.) 

DESIGNATION A 8 Cc 
2x6 2 6 2 
3x6 3 6 V2 
2x9 2 9 2 
3x9 3 = \/2 
1x 12 1 12 \/4 
2x 12 2 12 2 
3x 12 3 12 2 
2x 15 2 15 \/2 
3x 15 3 15 \/2 




















TABLE 2— BAR CASTINGS STUDIED 





Ba: Size, in. Chills Used 





Dy SURE as but ep owen hk Cemadlswods uC yeh sk&he Deu ERevE RS None 
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Be 5 oti dail Cis aX edad es oie ee kaa beh eae ae 1x12 
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Bs ca i Wad ng boa ow) Rew wee 4 Shem oe ee eee 3x12 
nee eee Pee ae Pages +o None 
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were sound for a length equal to the bar thickness 
from the dead end and slightly less than this from the 
riser end, Data revealed that sound metal was pres- 
ent in those areas where the thermal gradient had 
been at least 4-6 F/in. through the freezing range. A 
similar gradient has recently been reported for Al-7 
Mg alloy.1° 

Figure 5 is a typical plot of the start and end of 
freeze curves for an unchilled bar casting. It is ap- 
parent that freezing is completed at the ends of the 
bars prior to the center. This can also be deduced 
from Fig. 4. 

When the end of freeze curve is of the type shown 
in Fig. 5, there is little longitudinal movement of the 
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Fig. 3 — Chill dimensions for plate castings. 


freezing wave. All parts of the casting are cooling at 
approximately the same rate so that the entire cast- 
ing is in a mushy stage. Any advance of the freez- 
ing front arises from end effects as well as movement 
from the four sides of the bar. The net result is that 
a long, isolated channel along the centerline is the 
last part to freeze. The mushy character of this last 
unfrozen portion is not conducive to good feeding, 
and porosity results. 
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Fig. 5 — Start and end of freeze in 3x3x18 in. bar 
of AZ63A with no chills. 
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Fig. 6 — Center-line temperature in 3x3x18 in. bar 
of AZ63A with 3x9 chills. ~ 


Porosity Elimination 


The most obvious remedy for the elimination of 
porosity in bar castings is to place the riser at the 
midpoint of the casting. However, for bars of ap- 
preciable length even this would not be satisfactory 
since the influence of end effects is quite small. 

As mentioned earlier, chills can be employed to ob- 
tain steeper thermal gradients and thus, greater di- 
rectionality of solidification. However, in order to 
be practical, the chills must be of such size and shape 
and so located as to promote longitudinal advance 
of the freezing front. If chills are used merely to 
speed up transverse travel of the SCoing front, there 
is still the possibility of centerline porosity. 

If wedge-shaped chills are placed on a bar casting, 
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Fig. 7 — Start and end of freeze in 3x3 x18 in. bar 
of AZ63A with 3x9 chills. 
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as shown in Fig. 1, the amount of heat extracted 
should vary with the chill thickness, which should 
cause transverse freezing at an angle to the moid 
wall. The movement of the intersection of the angu- 
lar fronts is, in effect, a longtitudinal movement of 
the freezing front. In addition, the presence of steep 
thermal gradients through the front should result in 
narrow band freezing. 

The manner in which wedge-shaped chills affect 
the temperature distribution in solidifying bar casi- 
ings is shown by the typical curves in Fig. 6. The pres- 
ence of strong longitudinal gradients is readily ap- 
parent. We would expect bars cast in this manner to 
be free of porosity, since the thermal gradient ex- 
ceeds 5 F/in. Radiographs of the chilled bars, listed 
in Table 2, showed this to be the case in most in- 
stances. 

Many of the bars were cast with thermocouples lo- 
cated at the chill-metal interface. When data ob 
tained from these thermocouples are plotted, the slope 
is approximately the same as the slope of the temper- 
ature distribution at the casting centerline. However, 
the interface is at a lower temperature. The center- 
line and interface temperatures approach each othe 
after the castings have cooled for approximately 2 
min. From this we can deduce that there were steep 
transverse thermal gradients during the early part of 
the freezing process. The combination of longitu- 
dinal and transverse gradients results in directional 
solidification. 


Wedge-Shaped Chills Effect 


The marked influence of wedge-shaped chills on 
directional solidification is illustrated by the typical 
end of freeze curve of a wedge chilled bar casting 
shown in Fig. 7. While the start of freeze is about the 
same as that for unchilled bars the end of freeze 
curve is markedly different, and shows that the freez- 
ing front is advancing towards the riser. 

It was noted earlier that a few portions of chilled 
bars which apparently had adequate thermal gradi- 
ents still exhibited porosity. Some concurrent work!1 
had revealed that Mg-Al-Zn alloys are almost com- 
pletely frozen at only 50 F below the liquidus. When 
the data were re-examined, it was found that those 
portions of the bars which exhibited porosity had not 
attained a 5 F/in. gradient before cooling to 50 F be- 
low the liquidus. At this temperature the amount of 
solid already formed is sufficient to prevent feeding. 
In the case of Mg-Al-Zn alloys then, a thermal gra- 
dient of 5F/in. must be attained before the metal 
temperature has fallen more than 50 F below the liq- 
uidus, despite the fact that the liquidus-solidus range 
is 280 F (1130 F— 850 F). 

Test bars were cut from unchilled bars and from 
chilled and unchilled portions of the chilled bars. 
The results of the mechanical property tests are tab- 
ulated in Table 3. All bars cut from chilled castings 
met or exceeded the specified properties for bars cut 
from castings (QQ-M-56a). In fact, bars cut from 
chilled portions, with one exception, were acceptable 
at the property levels for separately cast test - bars. 
All bars cut from unchilled castings failed to attain 
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acceptable property levels. These consistent results 
muy be attributed to sounder metal, improved heat 
treatability and/or finer grain size in the chilled 
metal. 

\s expected, the chilled castings were more ame- 
nable to heat treatment than the unchilled castings. 
Figure 8 shows a few examples of this difference. The 
compound in the chilled bars is present in a less mas- 
sive manner than in the unchilled bars. The net re- 
sult of the combination of fine grain size and less 
massive compound is a decrease in the relative dif- 
fusion distance. This results in a more rapid and 
thorough response to heat treatment. 


Plate Castings 


Twenty-eight plate castings were made and stud- 
ied, as listed in Table 4. The effect of the various 
chill configurations on temperature distribution in 
the solidifying castings is shown by the typical curves 
in Figs. 9, 10 and 11. In the case of the unchilled 
plate casting an adequate thermal gradient exists only 
about 3 in. from the end before enough solid is 
formed to prevent feeding. Transverse gradients are 
almost nonexistent, especially from the quarter line 
to the center line. This indicates that most of the 
casting is at about the same temperature and cool- 
ing at the same rate. Under such conditions it is im- 
possible to achieve directional solidification, and a 
fairly porous casting is the inevitable result. Mechan- 
ical properties of such castings should be quite low. 

When a large chill was placed across the end of the 
plate, the temperature distribution was as shown in 
Fig. 10. Steep thermal gradients were immediately 
established through the first 4 in. of the casting. Ten 
min were required before adequate thermal gradi- 
ents were established the full length of the plate. 
However, by this time the amount of solid formed 
more than 10 or 11 in. from the dead end was too 
great for feeding to occur in the remainder of the 
casting, regardless of the thermal gradient. Mechan- 
ical properties of a casting such as this should be 
high at the chill end and decrease to approximately 
the level of unchilled metal about 10 in. from the 
chill end. 


Longitudinal Thermal Gradients 


When wedge chills were placed in the drag, the 
longitudinal thermal gradients were not as drastic as 
those produced by the end chill. However, as shown 
in Fig. 11, they extended for a greater distance, and 
were established at temperatures where they could 
be of significance in aiding feeding. In addition, ap- 
preciable transverse gradients were also established 
in a significant temperature range. The net effect 
then, was to produce a rather V-shaped freezing front 
which was readily accessible to feed metal. Mechan- 
ical properties of a casting such as this should be 
quite high at the chill end, and gradually decrease 
to a value a little higher than unchilled metal. 

The effects of the various chill configurations can 
be seen quite clearly in Fig. 12. This shows the ra- 
diographic porosity in a series of unchilled, end chilled 
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TABLE 3— MECHANICAL PROPERTIES OF 
AZ63A-T6 (CHILLED AND UNCHILLED) 





Cast & Bar Chill 
Test Length, Size, Properties 
Bar No. in. in. Chill E,% TYS TS _ Acceptable* 





83456-1 12 No 15 143 217 No 
83457-1 18 No 10 168 196 No 
83457-2 18 No 10 128 13.2 No 
83458-1 24 No 10 6162 24 No 
83458-2 24 No 10 10.1 129 No 
83459-1 30 No 10 172 23.1 No 
83459-2 30 No 10 164 208 No 
83459-3 30 No 10 102 13.3 No 
84335-1 12 2x6 Yes 8.0 184 40.0 Yes 
84336-1 12 3x60 | Yos 8.0 18.0 39.7 Yes 
83480-1 18 2x9 Yes 6.0 188 36.1 Yes 
84380-2 18 2x9 Part 40 164 $32.7 Yes 
84381-1 6 SO Ye MS 03S 42 Yes 
84381-2 18 3x9 Part 45 167 332 Yes 
84464-1 24 2x12 = Yes $8.5 176 32.0 Yes 
84464-2 24 2x12. No 2.0 150 206 Yes 
84465-1 24 8x12 Yes 70 19.2 40.0 Yes 
84465-2 24 8x12. No 15 15.3 26.1 Yes 
84552-1 30 2x15 Yes 100 19.3 43.6 Yes 
84552-2 30 2x15 = Yes 8.5 185 40.6 Yes 
84552-3 30 2x15 No 3.5 156 264 Yes 
84553-1 30 3x15 Yes 75 189 398 Yes 
84553-2 30 8x15 Yes 40 185 419 Yes 
84553-3 30 8x15 No 15 168 26.9 Yes 
84693-1 18 2x12 Yes 55 19.1 37.8 Yes 
84693-2 18 2x12 Yes 5.5 16.0 35.7 Yes 
84757-1 24 3x6 Yes 75 W2 BA Yes 
84757-2 24 3x6 No 19 45 215 Yes 
85216-1 16 2x12 Yes 5.0 184 36.4 Yes 
85216-2 16 2x12 Yes 90 15.7 384 Yes 
85217-1 16 0«=6 3x12 Yes 8.1 18.0 30.7 Yes 
85217-2 16 3x12 Yes 9.0 15.8 39.7 Yes 
85218-1 20 2x15 Yes 40 180 34.2 Yes 
85218-2 20 2x15 Yes 60 184 38.4 Yes 
85219-1 20 8x15 Yes 45 186 37.1 Yes 
85219-2 20 3x15 Yes 5.5 188 37.7 Yes 
*On the basis of standards for bars cut from castings—QQ-M- 
56a. 


Note: Where a chill size is given, and it says “No” in the chill 
column, this indicates that the test bar was cut from that 
portion of the bar between the end of the chill and the 
riser. Where it says “Part” it means that part of the test 
bar was in that portion of the bar between the end of the 
chill and the riser. 





TABLE 4— PLATE CASTINGS STUDIED 











Plate Dimensions, in. No. 
Thickness Width Length Chills Used Cast 
0.8 8 18 None 1 
0.8 8 18 End l 
0.8 8 18 Wedge ] 
1 + 18 None 2 
] 8 18 End 2 
1 8 18 Wedge 2 
1.33 8 18 None 1 
1.33 8 18 End } 
1.33 8 18 Wedge 1 
2 8 12 None 1 
2 8 18 None 3 
2 8 18 End 8 
2 x 18 Wedge 8 
4 8 18 None 2 
4 8 18 End 2 
4 8 18 Wedge 2 
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Fig. 8 — Chills effect on the heat treatability of AZ63A. Top — 
chilled metal; bottom—  unchilled metal. Left — as-cast; right 
— solution heat treated and aged. Acetic glycol etch. 100 X. 
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Fig. 9 — Temperature distribution in 2 x 8 x 18 in. plate 
of AZ63A with no chills. 
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Fig. 10— Temperature distribution 
plate of AZ63A with end chill. 
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and wedge chilled plates. The sketches are sche- 
matic, and serve to show only the location of porosity 
not the degree. The unchilled plates exhibit exten- 
sive porosity, except in those areas where edge ef- 
fects established adequate thermal gradients for some 
directional solidification. When end chills were used, 
the plates were sound except under the riser in all 
but the 2-in. and 4-in. plates. With the exception of 
the 4-in. plate all the wedge chilled plates were sound, 
except that portion under the riser. The line or po- 
rosity shown extending down the center of the 4-in. 
wedge chilled plate is questionable. Although there 
were some indications of porosity on the radiograph 
they were extremely faint. 


Temperature Distribution 


It is quite revealing to compare the temperature 
distribution curves of Figs. 9-11 with the location of 
porosity in 2-in. plates shown in Fig. 12. It was earlier 
stated that the unchilled plate had adequate thermal 
gradients for 3 in. from the end, the end chilled plate 
for 10 in. from the end and the wedge chilled plate 
for the entire distance in which temperatures were 
recorded (14-in). The porosity distribution sketches 
show sound metal for 4 in., 11 in. and 15 in., re- 
spectively. The results show good agreement with 
the statement that thermal gradients of at least 5 F/ 
in. must be established before the metal has cooled 
more than 50 F below the liquidus. 

Mechanical properties were obtained to check the 
interpretations of the cooling curves and radio- 
graphs. The results of a typical series of tensile tests 
are shown in Fig. 13. The properties of these and 
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Fig. 11—- Temperature distribution in 2x8x18 in. 
plate of AZ63A with wedge chills. 


other plate castings are tabulated in Table 5. As ex- 
pected, the bars from the unchilled castings had the 
lowest and most uniform properties. The properties 
of end chilled plates were high close to the chill 
end and descended quite rapidly. 

The properties of wedge chilled plates were also 
high close to the end, but fell off less rapidly than 
in the end chilled plates. Thus, the wedge chilled 
plates have the highest average properties. It is in- 
teresting to note that the shape of the property curves 
is similar to the curve one would obtain if the tem- 
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Fig. 12 — Radiographic porosity in 8x18 in. 
plate castings of AZ63A. 
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Fig. 13— Mechanical properties of bars cut from 
2x 8x 18 in. plates of AZ63A-T6. 


TABLE 5 — MECHANICAL PROPERTIES OF BARS 
CUT FROM PLATE CASTINGS — AZ63A-T6 











Distance No Chills End Chill Wedge Chills 
oo 1,000 psi 1,000 psi 1,000 psi 
(in.) E.% TYS UTS E,% TYS UTS E,% TYS UTS 

1x8x18 plates 

1 37 186 344 80 191 429 35 19.7 345 
9 $7 I84 35.0 65 170 382 65 186 392 
{ 37 186 345 45 167 338 100 168 409 
6 37 162 342 38 167 318 7.7 166 394 
8 37 179 342 38 165 312 65 164 37.1 
10 45 175 34.0 40 162 314 58 163 36.0 
12 47 169 339 45 158 380 48 161 388 
14 75 156 369 45 150 316 45 156 $26 





2x8x18 plates 


l 17 145 246 9.7 181 483 88 186 429 
2 15 146 230 7.3 162 386 65 180 39.4 
4 12 145 222 40 150 306 80 164 39.7 


6 10 140 201 20 11449 275 62 152 355 
8 ‘12 141 216 418 146 246 60 152 346 
10 10 6121 «18606|622l(lUM46 4B 45S. 32.3 
12 19 «60k4 «6919206—CU 22h CUS CUO C82 CUZ OBA 
14 10 112 1468 20 142 29 20 152 262 





4x8x18 plates 
l 1.0 464 227. 6S 16.2 402 45 17.3 34.4 
2 1.0 13.6 18.7 4.0 1449 31.2 3.7 16.5 33.2 
r 10 138 186 25 18.7 280 $5 155 305 
6 1.0 12.3 16.7 1.2 13.7 22.4 3.2 15.1 28.2 
8 1.0 13.1 18.0 1.2 14.1 21.7 2.8 14.5 26.3 
10 1.0 13.5 17.4 1.0 12.9 18.2 2.8 146 25.4 


12 1o9 4S 1097 10 HA BS 28 NI 15.0 


-~ 


14 oF M2 43S 6 HE Ww? IS 8.7 126 











perature distribution curves were rotated 180 degrees 
about a horizontal axis. This is one more means of 
illustrating the important role of thermal gradients 
in the production of sound castings. 


SUMMARY 


The thermal gradient required to produce sound 
Mg-Al-Zn alloy castings has been established as 5 F 
in. This gradient must be established before the meial 
has cooled to more than 50 F below the liquidus. At 
this temperature the metal is approximately 90 per 
cent solid,11 and feeding can no longer occur. A suf- 
ficient chill is then defined as one which results in 
directional solidification by establishing adequate 
thermal gradients in a significant temperature range 
(i.e., before the amount of solid formed is great 
enough to prevent feeding). 

Although the data were obtained from AZ63A cast- 
ings, the results should be applicable to other Mg-Al- 
Zn alloys as their solidification modes are similar.11 
Since recent work has shown the same gradient is 
required to produce sound castings of Al-7Mg alloy,!° 
the results are probably typical of many aluminum- 
base casting alloys as well. Although the details may 
be different, the principles of solidification dictate 
that similar conditions must be met to attain direc- 
tional solidification of any alloy that goes through a 
mushy stage when freezing. 

While chills may be considered primarily as 4 means 
of achieving directional solidification, other benefits 
may accrue from their use. In the case of magnesium- 
base alloys these include a finer grain size and a 
structure which is readily amenable to heat treatment. 
All of these factors contribute to improved mechan- 
ical properties in castings. — 
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ABSTRACT 


The use of new equipment and materials which 
supplement existing patternmaking techniques and 
thereby reduce patternmaking time and costs are de- 
scribed. A review of the progress in plastic pattern- 
making in the past five years indicates acceptance of 
plastics by many foundries and patternmakers. During 
this period of development epoxy plastic patterns have 
been made by laminating sheets of glass cloth to build 
up the desired pattern thickness. 

The plastic used in this technique serves as the ad- 
hesive to cement or bond the sheets of cloth together, 
which results in a pattern structure of high strength. 
An alternate method is to cast or pour a liquid epoxy 
resin into a mold to form the pattern or core box. Cast- 
ing or pouring plastic patterns is much faster than the 
laminating process where 10 to 15 layers of glass cloth 
are generally used to build up a pattern thickness. Be- 
cause of the higher impact strength most foundries 
prefer the laminated type of pattern even though there 
are more man hours required. 

A newly developed epoxy resin spray gun described 
heroin can help reduce laminating time and lower costs 
for this type pattern construction. Another newly de- 
veloped metal spray gun will illustrate how the plastic 
facod plaster technique can be used for Keller patterns, 
core slugs, engraving models, permanent molds for 
plastic pattern fabrication, checking or gaging fixtures 
and short run foundry patterns. 


INTRODUCTION 


The acceptance of plastics by many foundries is a 
milestone in the never ending search for low cost pat- 
tern equipment. While plastic is not a cure-all, it has 
provided the third pattern medium. Wood patterns 
are almost always used to produce 700-1000 castings. 
Aluminum, steel or bronze patterns generally refer- 
red to as high production equipment, will produce 
100,000 to 500,000 castings. No one will dispute that 
there is no substitute for good metal equipment. How- 
ever, the cost to produce metal equipment is some- 
times prohibitive especially in development or short 
run production. Some place between 700 to 1000 
castings from a wood pattern, there is a place for an- 
other pattern material. Plastics appear to have the 
qualifications for intermediate range. 

Thousands of plastic patterns have been made by 
casting liquid plastic into a suitable mold. It is a 
simple procedure and standard foundry practice of 
gating, risers, etc., are used. The casting plastics are 
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usually formulated with aluminum powder, iron ox- 
ide, calcium carbonate and other fillers to provide 
wear characteristics, reduce shrinkage and to lower 
the heat rise (exothermic) when the resin is curing. 
These fillers serve their purpose. However, being a 
powder or granular substance, they do not render 
high impact or shock resistance. Consequently, when 
cast plastic patterns are subjected to the usual foundry 
abuse, they are chipped, cracked and often broken. 
The powdered fillers do not provide the tongue and 
groove or continuous filament reinforcement which 
is necessary to prevent fracture. Because of this low 
impact property many foundries are now specifying 
laminated glass cloth construction. 

The merits of a laminated pattern have been known 
for a long time. However, because of economy the 
casting technique has been utilized to provide lower 
pattern cost. The material cost of the cast pattern 
versus the laminated pattern are approximately the 
same, but because of the tailoring and fitting of the 
glass cloth in corners and around ribs the man hours 
for a laminated pattern can be three to four times 
higher. Laminating is often referred to as hand lay- 
up. As the name implies, it is all hand work. Brush- 
ing on plastic with a paint brush or a squeegee is 
time consuming. 

Moreover, a proper balance or ratio between the 
resin and glass cloth can not be achieved. When too 
much plastic is used a resin rich pattern will result. 
Many patterns ranged up to 75 per cent resin content. 
The ideal laminated pattern should be 50 per cent 
resin and 50 per cent glass cloth. It is virtually im- 
possible to make a 50-50 laminate by brushing on 
plastic. The squeegee application approached the de- 
sired ratio more nearly than brushing. However, com- 
plex shaped patterns do not lend themselves to the 
squeegee application, and the resin content is in the 
range of 60 per cent. 


EPOXY SPRAY GUN 


To overcome this time consuming hand operation, 
an epoxy resin spray gun was developed to spray on 
and impregnate the glass cloth. Tests have disclosed 
that the laminating time can be reduced as much as 
60 per cent for some pattern designs over the brush 
application. In addition, all test laminates were found 
to be in the 50-50 per cent resin to glass cloth range. 
The use of the spray gun makes laminating competi- 











254 


inate and a more desirable foundry pattern. 
The epoxy spray gun was designed to spray pre- 


mixed epoxy resin formulations. The gun will handle 
base and formulated resins with a viscosity range from 
50-5,000 centipoises. The gun features a unique pat- 
ent pending nozzle which permits the use of expend- 
able cardboard resin container cups. The nonclogging 
easy to clean nozzle is available in several size open- 
ings to also permit spraying liquid parting agents. 








Premix epoxy resin and hardener, then pour into resin 
cup. 





Place lid on cup and press firmly to lock lid and cup 
together. 


Insert nozzle-lid- 
cup assembly into 
gun. The spring 
clip lock will hold 
assembled lid and 
cup in _ position 
during spraying op- 
eration. 








tive with casting, and it also provides a stronger lam- 


SPRAY GUN OPERATION 






The gun operates a 50-60 Ib air pressure and weighs 
only 114-lb. The throw-away resin cups will hold 8 oz 
to 2 lb of premixed resin. Epoxy laminates for tool- 
ing, patternmaking or production piece parts can be 
made with a lower resin content thereby reducing 
resin rich laminates. The uniform spray pattern pro- 
vides quick impregnation and thorough wet-out of 
the glass cloth. One gun operator can keep four cloth 
applicators busy to reduce laminating time at least 
60 per cent compared to brush application. 


With cup locked 
in place, spray 
epoxy resin as re- 
quired to wet-out 
cloth. Adjust 
thumb screw to 
give desired spray 
pattern and resin 
flow. Use 50-60 Ib 
air pressure. 





When the resin cup is empty, remove the cup from 
gun, refill and continue to spray. When fast set hard- 
ener systems are sprayed, more frequent cleaning of 
the lid and nozzle is recommended. Clean gun by 
placing lid and nozzle in any solvent such as al- 
cohol, acetone or methyl ethyl ketone. Use a pipe 
cleaner or electric shaver brush to clean straight 
through nozzle hole. Extra nozzles and lids are em- 
ployed if continuous spraying is desired while pre- 
viously used nozzle and lid is soaking in solvent. Dis- 
card throw-away cups after use, or when press fit 
seal is not sufficient to maintain air pressure. 

In the development of plastics for patterns an in- 
expensive mold medium was deemed necessary. Hard 
plasters have been used over the period of years and 
found to be economical, and also provided the nec- 
essary dimensional accuracy. Molds made of gypsum 
cements have been used satisfactorily to reproduce 
one or two plastic patterns. However, when more 
than two duplicate patterns were required, the gyp- 
sum cement did not possess the reproducibility. The 
molds would chip or crack during the removal of the 
plastic pattern from the mold. This necessitated ad- 
ditional man hours for patching and repairs. Many 
foundries also insisted that the pattern shops keep 
a permanent negative or mold to produce additional 
patterns when necessary. 

Protective coatings, lacquers and plaster hardeners 























were evaluated to harden the gypsum cement mold 
surface. Unfortunately, there were no good brush- 
able room temperature coatings that would improve 
the gypsum surface hardness. 

To provide permanence many shops made lami- 
nated plastic molds. While this was lighter in weight 
and would produce a dozen duplicate patterns, it 
was found to cost from four to five times as much as 
the gypsum cement mold. In fact, the plastic mold 
cost was as much as the completed pattern. The 
problem was complex. The industry needed a mold 
medium with the hardness of the epoxy resin and the 
economy of gypsum cement (4c to 5c a Ib). To over- 
come this problem, a new technique was developed 
which is now called the plastic faced plaster system. 
The method embodies the hardness of the epoxy and 
the economy of gypsum cement. 

The process as illustrated in the photographs uti- 
lizes a newly developed fiber flow spray gun. The gun 
is designed to spray metal fibers in the range of \4¢ 
to l4-in. in length. Copper, steel and aluminum fibers 
are available, and found to be satisfactory. Alumi- 
num fibers are recommended for economy and _ be- 
cause of their stubby structure. On vertical walls the 
lightweight sprayed aluminum fibers will not run off 
or slump. 

The hard durable plastic surface is inseparably 
bonded to the gypsum plaster splash by thousands of 
tiny metal fibers sprayed into a wet plastic surface 
coat or laminating resin using the specially designed 
gun. This technique provides a metal fiber plastic 
facing that is hard, tough, dense, durable and giving 
infinitely superior longer life to gypsum cement. In 
addition to molds for foundry patterns, the plastic 
faced plaster technique has been utilized for other 
patternmaking operations such as: 

Keller patterns, vacuum forming molds (plastic), 
spotting blocks, core stick or slug, short run foundry 
patterns, prototype models, molds for polyester parts 
and duplicating and engraving models. 

The following step by step illustrations show how 
to make a core stick or slug from a mold or core 
box. The completed plastic faced plaster will be a 
male impression from the female mold. The same 
procedure is used to make a female mold from exist- 
ing or worn out pattern equipment. 


After the mold or 
model is_ sealed 
with lacquer and 
given a coat of 
parting wax, a 
plastic gel coat or 
surface coat resin 
is brushed on. This 
could also be 
sprayed on with 
the epoxy resin 
spray gun. Lami- 
nating resins spray 
very well. Gel 
coats must be 
thinned to be 
sprayed. 


Depending upon 
the application 
the fibers can be 
flocked into the 
surface or gel coat, 
or blown into a 
laminating resin 
which was applied 
after the surface 
coat hardened. In 
this way the fibers 
will not show 
through the  sur- 
face. 

This resin-fiber flocking operation is repeated three or four 
times to provide a metal interface for reinforcement of the 
gel coat. The multi-spray technique also provides more fibers 
for bonding the plaster backup. Use 20-25 psi air pressure. 
Higher pressures will create an over spray with a resulting 
waste of fibers. Fibers over sprayed on the work bench or 
floor can be swept up and used over. 








The resin must be left to cure or harden 
at least 6 to 8 hr or over night. Then 
dust off any loose fibers before pouring 
the gypsum cement. Pour only enough 
cement to cover the fibers. Then brush 
the cement into the fibers to eliminate 
air between the gel coat and the cement. 





Brushing the cement into the fibers 
insures a good mechanical bond. Failure 
to do this may create a weakness in the 
bond and the plastic face coat could 
separate from the back up material. 





To reinforce the gypsum cement, fiber 
hemp is dipped into the cement and 
placed over the entire surface (left). 
Six or eight fiber bats dipped in the 
cement may be necessary to properly 
reinforce the core slug or mold. 


Fill the remaining cavity with gypsum 
cement (right). It is most important 
that a low expansion cement be used. 
Molding or dental plaster is not recom- 
mended as the expansion is too great 
(approx. \4»-in./ft). The gypsum used 
should not expand more than 0.005 in. 
per ft. 


Do not remove the core slug or mold from the model until 
the cement has cooled to room temperature. Then use air 
pressure or push out pins to remove plastic faced gypsum 
cast or mold. 





The plastic faced plaster concept has opened new opportuni- 
ties for the patternmaker. In addition to permanent foundry 
pattern negatives or master molds shown, other pattern- 
making requirements can be carried out. 





Typical Keller duplicator patterns made 
by the plastic faced plaster technique 
are shown. On the left is a forging die 
sinking pattern. The illustration on the 
right is a die sinking pattern for an auto- 
motive stamping. 
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The plastic faced plaster Keller pattern provides exceptional 
wear characteristics and is considered stylus proof. There were 
no more chipped corners as experienced with gypsum cement 
surface. Low cost is provided by the gypsum hemp reinforced 
back up. 





Typical applications of short run foundry patterns which 
could be made by this new technique. The wood or metal 
frame provides protection from abuse in the foundry. With 
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core plastic faced plaster foundry patterns could easily pro- 
duce 3000 to 5000 castings. 


TABLE 1— MOLD COST COMPARISON (12x12x1 in.) 














Plastic 
Cast Faced 
Plastic Laminated Plaster 
Labor Hr 
@ $3.00 .1 hr — $ 3.00 4 hr — $12.00 1y% hr — $4.50 
Material Cost ..approx. \Y in. plastic 35c 
10 Ib Lami- fiber 50c 
$1.20/lb $12.00 nate —$ 6.00 gyp- 
sum 40c 
$1.25 
TOTAL COST $15.00 $18.00 $5.75 
CONCLUSIONS 


The use of plastics in conjunction with two new 
spray guns has been set forth to illustrate new time 
saving patternmaking methods. Test patterns made by 
spraying epoxy resin in a laminated glass cloth struc- 
ture resulted in as much as 60 per cent in labor. In 
addition to savings in time a better laminate resulted. 
The spray application provides a more desirable 
plastic to glass cloth ratio. 

With the development of the plastic faced plaster 
technique many duplicate foundry patterns can be 
made from a single plastic faced gypsum mold. In ad- 
dition the completed plastic production pattern is 
reported to have a smoother surface than the one 
from a gypsum cement mold surface. Other applica- 
tions such as Keller patterns, short run foundry pat- 
terns and checking fixtures would indicate that the 
technique is limited only to the patternmaker’s imag- 
ination and ingenuity. 


TABLE 2 


Hard plaster alone ....... Dimensional stability, good wearing 
qualities when used in one or two 
shot applications, low cost— not as 
impact resistant as epoxies. 





Plastic faced plasters ..... Labor and materials cost comparable 
to hard plasters, surface qualities 
comparable to cast or laminate 
epoxies, dimensional stability, re- 
quires less time to produce than cast 
epoxy, laminates or metal. tooling. 


Epoxy cast resins ......... Harder and denser surfaces, can be 
used as dies, more impact & compres- 
sion strength, dimensional stability, 
good parting qualities in a foundry— 
more expensive than plaster, heavier 
than laminate. 

NE. is 5 ach & ermpcnine Surface conditions same as epoxy cast 
resins, lighter structure, more impact 
strength than plaster or epoxy cast 
resins because of impact resistance of 
fiberglas reinforcement — more labor 
expense. 

Metal or wood patterns....Metal patterns will generally take 
more abuse than any other of these 
types — most costly to make gener- 
ally, sometimes require machining 
and hand barbering, wood pattern 
surface is inferior to others. 


Pattern end use requirements, job cost limits and delivery date 
are factors which often govern selection of proper method and 
materials. 















by G. C. Gould, G. W. Form and J. F. Wallace 


ABSTRACT 


Various methods of developing a commercially satis- 
factory method for refining the grain size of cast 
copper were investigated. Additions of metal powders 
and intermetallic compounds were made to serve as 
inoculants. The effectiveness of the peritectic reaction 
was checked by iron dissolved in molten copper, and 
metals were also added to restrict grain growth by 
constitutional supercooling or producing an adsorbed 
layer on the growing crystal. 

Macrographic examination was employed to de- 
termine the effectiveness of the various additions on 
the grain size and shape. In cases where significant 
grain refinement was obtained, the mechanical proper- 
ties and grain coarsening tendency were determined. 

Two elements, lithium and- bismuth, selected to pro- 
duce constitutional supercooling, were effective in grain 
refining cast copper. When sufficient iron was dissolved 
to produce the peritectic, the effectiveness of this re- 
action was confirmed. A large number of presumed 
inoculants and additions to restrict grain growth proved 
inoperative. 


INTRODUCTION 


Control of the cast grain size is an important con- 
sideration to foundrymen because of the demon- 
strated influence of this grain size upon the physical 
and chemical properties of casting. Accordingly, this 
subject has been extensively investigated.1-17 In 
spite of the considerable research effort expended, 
the mechanism of grain size control has not as yet 
been completely established. Failure to completely 
identify this mechanism can be attributed to the large 
number of interdependent variables influencing solid- 
ification and the resulting grain size. 

In brief, grain refinement is obtained by increasing 
the number of sites from which crystals can grow in 
the melt. This can be achieved in one of two ways, 
or by a combination of both. First, substances in the 
form of fine, solid particles may be added to or pro- 
duced in the melt to facilitate nucleation by pro- 
viding stable nuclei on which the parent melt can 
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readily solidify. Second, an alloying addition may be 
made for the purpose of decreasing the growth rate 
and allowing additional potential nuclei, already pres- 
ent in the melt as impurities or compounds, to be- 
come active. 

The first method is called inoculation and the sec- 
ond, grain growth inhibition. It should be appreci- 
ated that the purpose of any addition is not merely 
to increase the number of nuclei, but to make a 
larger number of nuclei become effective. Only a 
portion of the total number of muclei available in a 
melt will probably operate as nucleation centers dur- 
ing a solidification process, and it is only the effec- 
tive nuclei that determine the as-cast grain size. 


Inoculation and Grain Growth Inhibition Effect 


The separate effects of inoculation and of grain 
growth inhibition can readily be demonstrated by con- 
sidering the ingot solidification of an ideally pure 
metal. During freezing, a positive temperature gra- 
dient exists in the ingot from outside wall to center. 
Without any addition made to the melt, the as-cast 
structure will essentially consist of columnar grains 
extending to the center of the ingot. Adding an inoc- 
ulating agent will increase the nucleation centers at 
the mold wall, resulting in a reduction of the width 
of the columnar grains without, however, affecting 
their length. 

The columnar zone still extends to the center be- 
cause of the positive temperature gradient existing 
throughout the entire solidification process, although 
it is comprised of more individual columnar grains. 
The addition of a grain growth inhibiting substance, 
on the other hand, may reduce the length of the 
columnar zone and promote equiaxed grain growth, 
provided this addition can produce sufficient super- 
cooling of the melt, either thermally or constitu- 
tionally.18-19 However, the equiaxed grains in the 
center may still be relatively coarse, because of lack 
of sufficient nuclei in the melt. 

From this analysis it becomes apparent that com- 
plete grain refinement in a pure metal to yield a fine 
equiaxed grain requires both inoculation and grain 
growth restriction. However, for alloys or impure 
metals one of the two factors may already be opera- 
tive so that in practice effective grain refinement 
can, under some circumstances, be achieved by inocu- 
lation or grain growth inhibition alone. The char- 
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acteristics of additions to qualify as effective grain 
refining agents depend upon which of the above 
two functions must be fulfilled. 

Successful inoculants should be solid, and stable at 
the melting temperature of the parent metal. In ad- 
dition, good inoculants should be crystallographi- 
cally compatible with the solidifying phase. These 
factors appear effective in reducing the positive sur- 
face-free energy which must be provided by the 
change in bulk free energy during freezing. 


However, since different particles of similar lattice 
registry with the parent metal are not equally effec- 
tive, it must be concluded that chemical factors such 
as electron configuration and valency are also im- 
portant. These factors apparently promote adhesion 
of parent atoms to the inoculant over cohesion in 
the solidifying melt. 


Alloying Element Grain Growth Restricting Ability 

The grain growth restricting ability of an alloying 
element has been attributed to two mechanisms: 
constitutional supercooling!8-19 because of a con- 
centration buildup ahead of the solid-liquid interface, 
and saturation of surface forces of a growing crystal 
due to adsorption of appropriate solute atoms.16 
The factors governing growth inhibition on the ba- 
sis of constitutional supercooling are a small distri- 
bution coefficient K,* a large freezing range, a steep 
temperature gradient across the mold and a slow dif- 
fusion rate of the solute (in either liquid or solid) 
relative to the freezing rate.19 According to the 
adsorption theory, electronegativity and valency rel- 
ative to the parent atom are important.. 

Some of the earliest work2° in the field of refin- 
ing the as-cast structure was directed toward utiliz- 
ing the peritectic reaction. The method appears to 
combine inoculation with grain growth restriction. 
The significant factor governing the degree of grain 
refinement that can be achieved by using the peri- 
tectic reaction seems to be the size and distribution 
of the primary particles. The conditions that result 
in a fine, uniform distribution of these particles have 
not been established to date. 

Employment of the peritectic reaction as a method 
of grain refinement has successfully been applied to 
aluminum. Unfortunately, the number of alloying ad- 
ditions which form a peritectic with the base metal 
at a sufficiently low solute concentration is limited 
for most commercial metals. 


MATERIALS AND PROCEDURE 
Melting and Method of Addition 


The present investigation was undertaken with the 
primary intent of developing procedures for the 
grain refinement of copper by means of addition 
agents. Since many cast copper-base alloys are now 
coarse grained when employed commercially, such 
a development should result in improved properties 
of these alloys, including the Cu-Al, Cu-Zn and Cu- 
Sn systems. In addition, this investigation was also in- 





*Ratio of solute in the solid to solute in the liquid. 
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tended to clarify some of the apparent discrepan- 
cies of the mechanism of grain refinement. 

Electrolytic copper of the general composition 
shown below was used as the base metal throughout 
the entire investigation: 





Analysis of the Base Copper 
Element Ge Mo Zn Ag 





Residuals Cu 
(each) 


Weight % 0.100 0.011 0.0025 0.002 0.001 99.883 





The electrolytic copper was melted in a gas-fired fur- 
nace employing a clay-graphite, removable crucible. 
Deoxidation of all metals was performed by additions 
of approximately 0.050 per cent by weight of phos- 
phorus added as 15 per cent phos-copper. The alloy- 
ing additions or inoculants were inserted into the 
crucible immediately prior to pouring, usually by 
means of a refractory plunger. The superheating 
(in the crucible) and pouring temperatures were 
generally held constant at 2200 and 2100F, respec- 
tively, except where indicated otherwise in the re- 
sults. 

The molten copper was poured in most cases into 
a thin walled steel mold, 4.5 in. in diameter, and 8 
in. high with a 2 degree taper. The mold was pre- 
heated to 400 F and sprayed with a ceramic mold 
wash before pouring. The base of the steel mold con- 
sisted of a 2 in. thick steel plate that served as a bot- 
tom chill. This type of mold and the pouring tem- 
perature employed consistently produced columnar 
solidification of the unmodified copper. In this man- 
ner, the effectiveness of a given addition in reducing 
the grain size of the copper could be readily de- 
termined. 


Selection of Additions 


Powders of metals were added as inoculants where 
the inoculant was intended to be the element itself 
or an intermetallic compound generated by the re- 
action of the metal powder. At the outset, only those 
stable inoculants with a cubic crystal structure (FCC, 
BCC, CsCl, NaCl) were employed. The number of 
stable elements and compounds is rather limited so 
that other types of inoculants were also employed. 
These latter materials were chosen primarily because 
their melting points were higher than that of copper. 

Table 1 shows the types and amounts of the inocu- 
lants added in this investigation, and some of their 
pertinent properties. The cobalt, iron and tungsten 
were added as a finely divided powder, under 200 
mesh. The remaining additions were intended to pro- 
duce intermetallic compounds of the type shown in 
each case. 

The method employed in the attempt to produce 
these compounds consisted of a double addition. 
First, the second element of each compound listed 
in Table 1 was added to molten copper at 2200 F 
and dissolved. Then, the first element of each com- 
pound was introduced into the melt. The procédure 
consisted of first adding the more stable, usually 
higher melting temperature metal to copper followed 
by the second addition of the lower stability metal to 
form the compound. 

In a number of instances, the particles were found 
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to segregate during solidification. This segregation 
tendency was particularly pronounced in those cases 
where the difference in density of the inoculant rel- 
ative to copper is large. The intermetallic com- 
pounds listed in Table 1 were formed by means of 
a reaction mixture to assure clean, reactive surfaces 
on which the parent metal could solidify, as well as 
a fine and uniform distribution of the inoculant 
throughout the melt. 


Adsorption Theory 

Additions made for the purpose of grain growth 
restriction included those selected on the basis of the 
adsorption theory and others intended to produce ap- 
preciable constitutional supercooling. Only two ele- 
ments, namely selenium and tellurium, were added 
in an attempt to form an adsorbed, interfering layer. 
According to the adsorption theory, these two ele- 
ments should be most effective in reducing the 
length of the columnar zone in a copper casting. A 
considerable number of elements and some combina- 
tions were employed to produce constitutional su- 
percooling. These additions were made to molten cop- 
per in various amounts ranging from 0.02 to 1.32 
weight per cent. The elements added in this group 
to restrict grain growth, the amount, intended func- 
tion and pertinent characteristics are listed in Ta- 
ble 2. 

Some of these additions (notably lithium, magne- 
sium and calcium) exhibited a marked tendency to 
oxidize, and were, therefore, plunged immediately 
before pouring. The chemical analyses made to de- 
termine retention of some of these oxidizable alloys 
indicated that this procedure retained approximately 


TABLE 1—INOCULANTS ADDED TO COPPER 











Concen- Crystal Lattice Parameter, Melting 

Inoc- tration Struc- kX Density Point, 
ulant Wet.,% ture a b c gm/cm3 F 
Cu — FCC 3.607 _ _ 8.96 1981 
Co 0.85 FCC 3552A — _— 8.90 2723 
Co 0.77 FCC 35524 — — 8.90 2723 
Co 0.02 FCC 3552A — — 8.90 2723 
Fe 2.42 FCC 3.639 — _— 7.87 2802 
Fe 1.32 FCC 3.639 _— _ 7.87 2802 
Fe 0.02 FCC 3.639 —_ _ 7.87 2802 
Fe 0.001 FCC 3.639 — _ 7.87 2802 
WwW 0.01 BCC = 3.158 _ — 19.30 6170 
AICo 0.50 BCC 2.856 —_ _ —_— 2993 
AlFe 0.50 BCC 2.903 —_ — _ 2143 
AINi 0.50 BCC 2.288 _— -- 6.66 2980 
CayPb 0.50 ? ? _ _— ? 2030 
CaSn ~* 0.50 Orthor. 4.821 11.52 4.394A 4.28 2048 
CaSi 0.50 Orthor. 4.59 10.79 3.91 A 2.34 2273 
PbCe, 0.50 ? ? _ _ ? 2516 
SnCeg = 0.50 ? ? — — ? 2552 
PbLag (0.50 ? ? _ — ? 2399 
SnLa,g 0.50 ? ? _ — ? 2588 
MgzSby 0.50 Mn2O3, 4.573 7.229 — 4.09 2244 
MgSi 0.50 CaF» 6.338 _ _ — 2014 
SbNi 0.50 NiAs 3.916 5.132. — 8.78 2107 
SngNig 0.50 NigIn 4.137 5.208 — _ 2308 
TiC 0.50 NaCl 4.329 _— _ — 5880 
TiCo 0.50 CeCl 2.988 — _ — 2182 
TiFeg 0.50 MgAny 4.750 _ —_ 6.50 2786 


TiNig 0.50 NigTi 2.550A — _ _ 2512 


90 per cent of the addition agent in the melt. Since 
the latter are all soluble in molten copper, no liquid 
segregation problems were encountered. 

Iron and cobalt additions constitute a special group 
since these metals form a peritectic system with cop- 
per. As previously discussed, the peritectic reaction 
may provide both effective nuclei and grain growth 
restriction. When added in sufficient amounts to mol- 
ten copper so that the peritectic is encountered dur- 
ing solidification, these additions are referred to as 
peritectic additions. On the other hand, if the ad- 
dition is too small for the peritectic reaction, these 
two elements are either classified as alloys producing 
constitutional supercooling or inoculants, depending 
on whether the conditions under which they are 
added are conducive to their total dissolution in 
copper, or whether the particles remain at least par- 
tially solid and therefore act as inoculants. 


Tests Performed 


The effect of the various additions on the as-cast 
grain structure was determined on longitudinal cen- 
ter cuts of the ingots after etching with a 50 per 
cent HNO, solution. A comparison was made with 
the standard, unmodified copper casting, shown in 
Fig. 1, to serve as a basis for this evaluation. 

Mechanical and physical properties were limited 
to those castings on which pronounced grain refine- 
ment was apparent. The tensile tests were obtained 
on button-head specimens with a diameter of 0.3 in. 
and a 1.4 in. gage length. Electrical conductivity 
measurements were preformed by means of a Kelvin 
bridge on wire samples swaged and drawn to a final 
diameter of 0.102 in. and then annealed. The sen- 


TABLE 2— ALLOY ADDITIONS EMPLOYED 
TO RESTRICT CRYSTAL GROWTH 








Freezing 
Conc. Dist. Coef., Range, 
Addition Function Wet., % K F 
Bi Const. Supercool 0.50 0.002 * 810 
Bi Const. Supercool 1.20 0.00083* 805 
Bi Const. Supercool 2.60 0.0004 * 800 
Li Const. Supercool 0.02 om °* 914 
Li Const. Supercool 0.05 0.02 * 900 
Li Const. Supercool 0.05 om ° 900 
Li Const. Supercool 0.07 0.01 * 900 
Li+Bi Const. Supercool 0.05+0.50 7? 900 (?) 
Li+Bi+Sb Const. Supercool 0.05+0.50+0.50 ? * 900 (?) 
Pb Const. Supercool 0.10 0.01 * 767 
Pb Const. Supercool 0.50 0.002 * 749 
Pb Const. Supercool 1.00 0.001 * 714 
Ca Const. Supercool 1.20 085. °* 100 
Mg Const. Supercool 0.50 020 °° 20 
Sn Const. Supercool 1.00 _ 60 
Fe Peritectic 2.42 —_— 10 
Fe Const. Supercool 1.32 1.89 5 
Fe . Const. Supercool 0.02 1.89 5 
Co Const. Supercool 0.96 1.36 5 
Co Const. Supercool 0.75 1.94 5 
Cr Hypereutectic 1.70 — 20 
Se Adsorption 1.50 — 36 
Te Adsorption 0.50 —_— 50 


Equilibrium phase diagrams available indicate practically no 
solid solubility of Bi, Li and Pb in copper. 

** Equilibrium phase diagrams available indicate limited, but 
some solid solubility of Ca, Mg and Sn in copper. 
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Fig. 1— Sectioned, ground and etched copper ingots (left to right) pure 
copper, copper plus 0.001 per cent Fe and copper plus 0.03 per cent Fe. 42 X. 


sitivity of these measurements was +0.1 per cent erage grain diameter is 0.30mm or larger, as 
conductivity. Recrystallization and grain coarsening shown by Fig. 3. 
tendencies were ascertained on the lithium-containing 3) Fine Equiaxed. No directional growth of crystals; 
samples after a reducton of 61 per cent by rolling. average grain diameter less than 0.30mm, as shown 
by Fig. 4. 
RESULTS Addition of the metal powders iron, cobalt and 


tungsten for the purpose of inoculation required a 
modification of the standard casting practice em- 
ployed, In order to maintain these powders as solids 
in the melt and avoid their dissolution, it was nec- 
essary to reduce the maximum superheating tem- 
perature prior to deoxidation and inoculation to 2100 
F. This practice resulted in a pouring temperature 
of not more than 50F above the melting point of 


Che effects of the additions to copper on the as- 
cast macrostructure are given in Table 3. A tabu- 
lation of type and concentration of these additions, 
their function and a qualitative description of the 
macrostructure is contained in this table. The ap- 
pearance of the as-cast structure is described as one 
of the following three categories: 


1) Columnar. A structure not different from that of the base copper. 
the pure copper control casting, shown in Fig. 1. In order to determine whether this deviation from 
2) Equiaxed. No directional growth of crystal; av- the standard casting practice would influence the 


TABLE 3— ADDITIONS TO COPPER AND APPEARANCE OF RESULTING MACROSTRUCTURE 





Avg. Grain Diameter 








Concentration 





Addition Wat., % Function Macrostructure Dia. mm Length mm 
Co (pwd) 0.85 Inoculant Fine Equiaxed 0.25 = 
Co (pwd) 0.77 Inoculant Fine Equiaxed 0.25 -= 
Fe (pwd) 0.02 Inoculant Fine Equiaxed 0.25 = 
W (pwd) 0.01 Inoculant Fine Equiaxed 0.25 — 
Intermetallic Compounds* Inoculant Columnar 3.0 30 
Bi 0.50 Constitutional Supercool Equiaxed 0.360 _ 
Bi 1.20 Constitutional Supercool Equiaxed 0.360 — 
Bi 2.60 Constitutional Supercool Equiaxed 0.30 — 
Li 0.02 Constitutional Supercool Fine Equiaxed 0.20 _— 
Li 0.05 Constitutional Supercool Fine Equiaxed 0.250 — 
Li 0.05 Constitutional Supercool Fine Equiaxed 0.250 — 
Li 0.07 Constitutional Supercool Fine Equiaxed 0.200 _ 
Li+ Bi 0.05+0.50 Constitutional Supercool Fine Equiaxed 0.180 — 
Li+Bi+Sb 0.05+0.50+-0.50 Constitutional Supercool Fine Equiaxed 0.180 _— 
Pb 0.10 Constitutional Supercool Columnar 3.0 30 
Pb 0.50 Constitutional Supercool Columnar 3.0 30 
Pb 1.00 Constitutional Supercool Columnar 3.0 30 
Ca 1.20 Constitutional Supercool Columnar 3.0 30 
Mg 0.50 Constitutional Supercool Columnar 3.0 30 
Sn 1.00 Constitutional Supercool Columnar 3.0 30 
Fe 2.42 Peritectic Fine Equiaxed 0.13 = 
Fe 1.32 Constitutional Supercool Columnar 3.0 30 
Fe 0.02 Constitutional Supercool Columnar 3.0 30 
Co 0.96 Constitutional Supercool Columnar 3.0 30 
Co 0.75 Constitutional Supercool Columnar 3.0 30 
Cr 1.70 Hypereutectic Columnar 3.0 30 
Se 0.50 Adsorption Columnar 2.0 20 
Te 0.50 Adsorption Columnar 2.0 20 
Se+ Li 0.50+0.02 Adsorption+Const. Supercool Columnar 3.0 30 


*0.50 wgt. % of the following intermetallic compounds resulted in columnar macrostructure: AlCo, AlFe, AINi, CogPb, CooSn, CaSi, 
PbCey, PbLay, SnLay, MgsSbe, MgoSi, SbNi, SngNi, TiC, TiCo, TiFeg, and TiNig 

















grain size of the uninoculated base copper, several 
melts of untreated copper were cast at various tem- 
perature below 2100 F down to almost the melting 
temperature (1981 F). At all pouring temperatures, 
the uninoculated copper exhibited a coarse colum- 
nar structure. These results guaranteed that any grain 
refinement observed with metal powder addition was 
the result of their inoculating influence. 

Considerable grain refinement was obtained with 
all three powders. The effect of iron and tungsten is 
shown in Fig. 2. At superheats over 120 F, however, 
these metal powders failed to produce any effective 
refinement, apparently because they dissolved in liq- 
uid copper. 


Intermetallic Compounds as Inoculants 


The use of other additions to produce intermetallic 
compounds as effective inoculants was generally 
unsuccessful since no grain refinement was achieved 
with these materials. As previously mentioned, a 
special double addition procedure was employed to 
form the intermetallic compound through an exo- 
thermic reaction. The reasons for no grain refine- 
ment in these cases may be attributed to either lack 
of formation of effective intermetallic compounds or 
too steep a thermal gradient in the solidifying casting 
preventing nucleation of separate grains ahead of the 
solid-liquid interface. 

The failure to produce effective inoculation with 
metal powders under conditions of appreciable super- 
heat and with reaction mixtures led to the investiga- 
tion of grain growth restriction to achieve commer- 
cially feasible grain refinement. The additions listed 
in Table 2 were made to accomplish this purpose. 
Small amounts of two of the elements added to pro- 
duce appreciable constitutional supercooling (bismuth 
and lithium) were particularly effective in obtaining 


Fig. 2 — Powder inoculants (left to right) 0.07 per 
cent W, 0.05 per cent Fe and vibrant ingot. 42 X. 


a fine, equiaxed grain structure as demonstrated in 
Fig. 3. 

Those metals were selected because of the large 
liquidus-solidus spread in the Cu-Bi and Cu-Li 
equilibrium phase diagrams, resulting in a small 
distribution coefficient K as shown in Table 2. Since 
the K-value in the Cu-Pb system is also low, small 
amounts of lead were added to copper. However, this 
latter addition did not produce any observable 
refinement and all the lead-treated castings had a 
completely columnar macrostructure. 

Calcium and magnesium additions were also unsuc- 
cessful in producing any marked refinement, although 
some solute concentration buildup ahead of the solid- 
liquid interface was anticipated from phase diagram 
considerations. 

Combinations of bismuth and lithium added as 
constitutional supercoolers exhibited a cumulative 
effect, as shown in Fig. 4. Combinations of lithium 
and selenium, i.e., an adsorption and a constitutional 
supercooling addition, gave little or no grain refine- 
ment. This is tentatively attributed to a chemical 
reaction between the two additions which removed 
the lithium from solution, but this has not yet been 
verified experimentally. 


Peritectic Reaction Significance 


The significance of the peritectic reaction was 
investigated by dissolving various amounts of iron 
and cobalt in liquid copper. When these elements 
were added at normal (2200 F) superheats in amounts 
appreciably smaller than necessary for the peritectic 
reaction to occur during freezing, the macrostructure 
consisted of coarse, columnar grains, as shown in 
Fig. 1. Pronounced grain refinement was obtained 
with 2.42 weight per cent iron (Fig. 5). 

Although this amount of iron is somewhat less 





Fig. 3 — Bismuth additions to copper (left to 
right) 0.5, 1.2 and 2.6 Wt per cent Bi. % X. 




















Fig. 4— Ingots grain refined by alloy additions of (left 


to right) Li, Li plus Bi and Li plus Bi and Sb. % X. 


than the value reported for the occurrence of the 
peritectic reaction under equilibrium conditions 
(approximately 2.8 weight per cent iron), this reac- 
tion may have taken place under the rapid cooling 
conditions prevailing during the experiment.?! In 
order to determine whether the presence of the solid 
properitectic y particles or the peritectic reaction 
itself was the important factor responsible for the 
pronounced grain refinement, shown in Fig. 5, a 
hypereutectic Cu-Cr alloy, containing 1.70 weight per 
cent chromium was poured. 

A proeutectic phase of nearly pure chromium is 
separated first from the melt, followed subsequently 
by the eutectic reaction. Examination of the etched 
section of the ingot revealed a coarse columnar 
structure. This result suggests that the primary chrom- 
ium particles had no significant effect on subse- 
quent solidification, and therefore seems to underline 
the role played by the peritectic reaction in the 
Cu-Fe system. 

No measurable grain refinement was obtained with 
either selenium or tellurium. These elements were 
added because of their reported ability to restrict 
grain growth according to the adsorption theory. 
The influence of these elements in improving 
machinability was observed, however. 

The mechanical properties of copper ingot refined 
with additions of bismuth and lithium and combina- 
tions thereof were determined together with a control 
of pure cast copper. The properties of the control 
sample were in accord with values for as-cast electro- 
lytic copper found in the literature.?? In all cases the 
tensile strength and elongation were increased by 





refinement; however, the electrical conductivity was 
markedly lowered as shown below: 








Elec. 
U.TS.. Elong., Cond., 
Alloy Ilb/in.2 % % 
ici sr re iar PRR GRE SP 28,000 23.8 89.9 
Cu + Lib), Fie, © 2% cc ccsccsc 32,000 26.2 37.8 
Cu + Bi(0.5) + Li(0.05), 
PRD 6s ches vek so ol aeeenese ewan 31,300 30.0 _ 
Cu + Bi(0.5) + Li(0.05) + Sb(0.5), 
 & PPrererictery oe ee . 33,600 36.5 35.6 





In view of the influence exerted by lithium on 
the formation of crystals from the copper melt, an 
examination was undertaken to determine whether 
this influence was also exerted in the solid state 
during recrystallization. The results, shown in Fig. 6, 
suggest that this is the case, since the hardness 
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Fig. 6 — Recrystallization behavior of pure copper and 
copper-lithium alloys deformed 61 per cent by rolling 
and annealed at 660 F for various times. 


Fig. 5— Copper plus 2.42 per cent Fe 
grain refined by peritectic reaction (left) 
and pure copper control (right). 42 X. 
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measurements indicate that the onset of recrystalliza- 
tion occurs much more readily in pure copper than 
in Cu-Li alloys. The tendency for grain coarsening 
during recrystallization is also lower for the alloys 
than for pure copper, as shown in Fig. 7. 


GENERAL DISCUSSION 


Before interpreting the results described above, the 
basic principles underlying solidification will briefly 
be reviewed. Inoculation can best be understood by 
comparing homogeneous (absence of preferred sites 
of nucleation) to heterogeneous nucleation. For a 
stable, solid nucleus to form in the melt, energy 
must be provided to create the interface between the 
crystal and the liquid. 

This energy is supplied by the difference in chemical 
free energy between the solid and liquid state. Since 
at the equilibrium melting temperature, this chemical 
free energy difference is zero, undercooling is required 


Fig. 7 — Pure copper (left) and copper- 
lithium alloy (right) deformed 61 per 
cent by rolling and annealed 30 min at 
1100 F (top) and 1550F (bottom). 
Potassium bichromate etch. 250 X. 


to form a stable solid nucleus. For the case of homeo- 
geneous nucleation in pure metals, the required 
degree of supercooling may be as high as 300 F.23 

In the presence of foreign particles, heterogeneous 
nucleation will occur by the formation of stable 
nuclei of the parent metal at already existing surfa: es 
in the melt (foreign particle surfaces). The use of 
these foreign surfaces reduces the interfacial energy 
term compared to that involved in homogeneous 
nucleation, so that stable nuclei can form at a lower 
degree of supercooling. 

The effectiveness of a foreign particle in facilitating 
nucleation becomes more pronounced the smaller the 
interfacial energy between solid metal and foreign 
particle. As was pointed out in the introduction, 
good crystallographic matching between parent metal 
and foreign particle is desirable, although not always 
sufficient to minimize the surface energy between the 
metal and the foreign particle to form a stable 
nucleus. 
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SOLUTE CONCENTRATION —> 


Constitutional Supercooling 


Grain growth restriction by means of constitutional 
supercooling is primarily associated with the differ- 
ence in solute concentration in the solid and liquid 
phase during freezing. This can best be illustrated 
by considering the left-hand corner of the idealized 
binary phase diagram, shown in Fig. 8. An alloy of 
overall composition C,, begins to solidify by rejecting 
solid crystals of composition C. Under equilibrium 
condition the composition of the liquid, as well as 
that of the solid, is uniform and can be determined 
at any temperature in the freezing range by the 
respective tieline in the phase diagram (i.e., C,, and 
Cyy at Ts). 

In practice, however, solidification proceeds at. a 
rate faster than the diffusion rate necessary for the 
atoms to redistribute themselves. As a result, a con- 
centration gradient will be formed ahead of the 
solid-liquid interface because of local enrichment of 
the liquid with solute. Since the liquidus temperature 
T, is a function of composition, it must change with 
distance from the interface, in the manner shown 
in Fig. 9. In this figure, temperature distribution 
in the melt d is superimposed to show that under 
appropriate thermal conditions, the liquid immedi- 
ately adjacent to the solid-liquid interface is 
“constitutionally supercooled.” 

A stage may be reached during freezing when 
constitutional supercooling is large enough to promote 
independent nucleation ahead of the _ interface, 
thereby allowing equiaxed grains to form ahead of 
the columnar zone. The prerequisite for this is that 
the maximum degree of undercooling, labeled AT,, 
in Fig. 10, be greater than AT,, the critical under- 
cooling required for the activation of nucleation. 
The compositional and thermal parameters promoting 
independent nucleation have been discussed in the 
introduction. 

An alternate grain growth inhibiting mechanism to 
constitutional supercooling has been advanced, based 
on adsorption.16 According to this hypothesis, solute 
atoms become adsorbed on the surface of a growing 
stable nucleus, thereby saturating the attractive sur- 


Fig. 8 (left) — Portion of a schematic 
binary phase diagram for eutectic type 
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Fig. 9 (right) — Soluté concentration 
adjacent to an advancing solid-liquid in- 
terface during alloy solidification. 


face forces exerted by the solid interface atoms on 
the atoms in the liquid. Consequently, further attach- 
ment of parent atoms becomes more difficult and 
growth of the existing crystals is reduced. 

The grain growth restricting power of a solute 
element is proposed to be dependent upon whether 
its atoms have an “open” or “screened” electron 
configuration. The open configuration is supposedly 
effective, particularly if the valency of the element 
involved is high. According to this adsorption theory, 
suitable grain growth inhibitors can be selected on 
the basis of the electron configuration of free atoms. 


Inoculation - Restriction Combined Action 


The combined action of inoculation and grain 
growth restriction may be obtained in a peritectic 
system, and can be explained on the basis of the 
binary peritectic phase diagram shown in Fig. 11. 
When an alloy of composition X is cooled to slightly 
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Fig. 10 — Liquidus temperature and possible tempera- 
ture distribution in the liquid as a function of distance 
from the interface during alloy solidification. 
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PERCENT SOLUTE —> 
Fig. 11— Schematic of binary peritectic reaction. 


below T), a y phase rich in solute will be separated 
from the melt. This phase reacts with the liquid at 
the peritectic temperature T, to form the a phase. 

The maintenance of this reaction requires solute 
atoms from the y phase to diffuse through the a layer, 
while solvent atoms from the liquid must migrate to 
the enveloped y phase. Consequently, this reaction 
proceeds rather slowly, thereby effectively reducing 
the growth of crystals in the melt. Moreover, the 
a phase surrounding the primary y particles presents 
ideal sites for nucleation for the lower temperature a 
phase, whether the peritectic reaction goes to com- 
pletion or not. 


RESULTS INTERPRETATION 


The experimental results obtained in this investiga- 
tion may now be interpreted in the light of the 
principles outlined above. In the case where inoculants 
above were added to the base copper, significant 
grain refinement was achieved only with the metal 
powders (iron, cobalt and tungsten) and then only, 
when pouring from close to the melting temperature 
of copper. These results demonstrate clearly the 
importance of a shallow temperature gradient when 
inoculation is the governing grain refining mechanism. 

Since all three powders are soluble in liquid 
copper, it is conceivable that they partly dissolved 
and thus assisted, together with other soluble impuri- 
ties present in the melt, in producing sufficient 
constitutional supercooling for independent nuclea- 
tion ahead of the solid-liquid interface. Also, the 
good crystallographic registry of iron, cobalt and 
tungsten with ‘copper helped to facilitate rapid 
nucleation, once the appropriate thermal and com- 
positional conditions were established near the 
interface. 

High superheating and pouring temperatures dis- 
solved more of the inoculants in the melt and 


increased the temperature gradient. It is hypothesi ed 
that this higher thermal gradient reduces both ‘he 
number of available nuclei, and the degree of c n- 
stitutional supercooling which could be achieved 
despite a higher solute concentration. 









Lithium and Bismuth Effectiveness 





The effectiveness of lithium and bismuth in prod :ic- 
ing fine, equiaxed grains must be attributed to their 
marked constitutional supercooling potency, as evi- 
denced by a large freezing range and low distribution 
coefficient. The degree of supercooling achieved with 
these two elements is evidently sufficient to allow 
independent nucleation ahead of the solid-liquid inter- 
face to occur. Since in these cases no inoculating 
agents were added, it is assumed that impurities 
present in the base metal act as centers of hetero- 
geneous nucleation. 

The failure of calcium and magnesium additions 
to produce grain refinement suggests that the con- 
stitutional supercooling, which can be achieved with 
these solute elements when added in small quantities, 
is insufficient to activate nucleation of the impurities 
present in the base metal. The relatively small 
freezing range and the comparatively high distribu- 
tion coefficient, typical for the respective alloys 
studied, lend support to the above interpretation. 












































The reasons for the inefficiency of lead in produc- 
ing fine, equiaxed grains are not readily apparent, 
particularly since small lead additions produce a 
large freezing range. As far as the difference in 
solute concentration in the liquid and solid is con- 
cerned, it should be observed that this difference is 
relatively small when expressed in terms of atomic 
per cent lead, the important consideration. 

Thus, for a given freezing rate, the solute buildup 
at the solid-liquid interface is less than for equivalent 
weight per cent additions of lithium and bismuth. 
Also, the large freezing range of over 700 F is some- 
what deceptive in view of the particular monotectic 
reaction of the Cu-Pb system. The formation of a 
secondary liquid, rich in solute, depletes the remain- 
ing bulk liquid and therefore tends to counteract the 
solute buildup at the solid-liquid interface. 

This depletion also raises the liquidus temperature 
of the bulk liquid, thus favoring the continued growth 
of the already existing crystals. This behavior is the 
opposite of that encountered in peritectic systems, 
where the formation of a solute rich particle occurs 
which also results in the depletion of the remaining 
liquid. However, the liquidus temperature in this 
case is lowered and effective constitutional super- 
cooling is promoted. 


Monotectic Reaction 


The exact nature of the effect of the monotectic 
reaction on solidification has not yet been established. 
It will undoubtedly depend upon the rate of freezing 
because of the importance of the diffusion processes 
involved. The literature provides evidence15 that a 
5 weight per cent addition of lead-can produce grain 
refinement in copper-base alloys. This amount exceeds 
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appreciably the maximum amount of lead (1 weight 
per cent) added in this investigation. 

Consequently, more grain refinement would be 
expected because of the greater concentration of 
lead-rich liquid at the solid-liquid interface. However, 
the amount of refinement reported for a 5 weight 
per cent lead addition is less than that achieved with 
much smaller amounts of lithium or bismuth in 
this present work. 

The results obtained by dissolving iron and cobalt 
in liquid copper at least suggest that the occurrence 
of the peritectic reaction may be of considerable 
importance in producing fine grains. Additions less 
than those required to produce the peritectic reaction 
on cooling did not exert any effect on the as-cast 
structure. On the other hand, dissolving 2.42 weight 
per cent iron resulted in exceedingly fine equiaxed 
grain. 

Iwase, Asato and Nasu have demonstrated? the 
importance of the peritectic reaction in the binary 
Cu-Fe and Cu-Co systems as well as the Cu-Sn, Cu-Si, 
Cu-Zn, Ag-Cd, Ag-Zn, Sn-Sb and AI-Ni systems. In 
all cases, the grain size plotted versus percentage 
solute shows a marked inflection at or near the con- 
centration necessary to undergo the peritectic reaction. 
The resulting grain size is definitely refined by each 
of these hyperperitectic concentrations. 

No explanation can be advanced for the failure 
of tellurium and selenium to restrict columnar grain 
growth. The fact, however, that these two elements 
were unsuccessful may be taken as an indication that 
effective grain growth inhibitors cannot be selected 
on the basis of a given feature characterizing the 
electron configuration of the free atom alone. 


CONCLUSIONS 


The as-cast grain size of electrolytic copper was 
appreciably refined to approximately 0.250mm aver- 
age grain diameter by the addition of lithium and 
bismuth, separately and in combination, to the melt. 
The additions made were approximately 0.50 per 
cent by weight, but a much larger percentage of 
bismuth than lithium was retained. This grain refine- 
ment was attributed to the constitutional supercooling 
produced by these elements, and their success is 
believed to be associated with the large freezing 
range (liquidus-solidus spread) of alloys of copper 
with lithium and bismuth. 

The grain refinement of cast copper by the 
solution of considerable amounts of iron in the melt 
before solidification, as reported by previous investi- 
gations, was confirmed. This refinement reduces the 
average as-cast grain diameter to approximately 
0.10mm. The effectiveness of iron is attributed to 
the peritectic reaction. Iron in smaller amounts than 
necessary to obtain the peritectic reaction did not 
produce grain refinement. 

Numerous other additions to copper melts were 
ineffective in refining the cast grain. These additions 
included numerous intermetallic compounds sup- 
posedly effective as inoculants; lead, calcium and 
magnesium that were selected to produce constitu- 
tional supercooling, and the elements selenium and 
tellurium intended to restrict grain growth by adsorp- 
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tion on the surface of growing copper crystals. Metal 
powder additions were only effective as grain refining 
inoculants at low superheat. 

The effective grain refiners, lithium and bismuth, 
produced some improvement in tensile properties 
and raised the grain coarsening temperature, but 
decreased the electrical conductivity. 
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by E. C. Lewis 


ABSTRACT 
The system of low pressure die casting, described as 
a flow method against the force of gravity with slow 
cooling to complete solidification is described by the 
author. Illustrations showing equipment used are ap- 
pended to the article. 


HISTORY 


This system can be described as a flow method 
against the force of gravity with relatively slow 
cooling to complete solidification. The need for such 
a process was created prior to the last war to produce 
castings of high quality, and to avoid the necessity 
for machining, thereby saving overall labor hours in 
producing the finished product. 

The possibility of producing castings by this method 
was a development from the low pressure furnace for 
magnesium that was introduced in 1937. This furnace 
permitted magnesium to be melted under an inert 
gas and, when molten, to be extracted by means of an 
acute angled tube that passed through the top cover 
of the furnace. When pressure was created inside the 
furnace, the metal was forced upwards through the 
tube on to an open chute for decanting into a ladle. 

This type of furnace was used exclusively during 
the last war for the bulk melting of magnesium and 
for the production of a variety of castings, chiefly in 
connection with incendiary bombs. Three companies 
in Great Britain collaborated together to produce 
castings that could replace forgings for the aircraft 
industry, thereby saving machining hours. This cast- 
ing process was developed to make it possible to pro- 
duce castings for air-cooled cylinder heads that did 
not need more than 2 per cent of the machining time 
spent in completing them than by the earlier method 
of solid forgings and formation of fins by milling. 

The production of castings in those days was longer 
in terms of pieces cast per hour than the permanent 
mold system for a casting of the same weight. How- 
ever, the immense saving in machine tool capacity, 
and labor hours in machining, made the finished 
product an economic proposition in units produced 
per man-hour. 

At the end of the war, owing to the fact that as a 
casting system it was not as fast as permanent 
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mold practice, it was abandoned by the three com- 
panies who had used the system for war production. 

It was deemed by one of the Engineers, who was in- 
strumental in this war development, that improve- 
ments could be made in the system, not only to com- 
pete with the permanent mold method, but to 
widen the range and type of castings that could be 
produced in aluminum and its alloys. For this pur- 
pose the author’s company was formed, and markets 
entered that were new to the casting trade. The first 
market being the production of a wide range of 
aluminum holloware goods for both domestic and 
canteen use. This was quickly followed by entering 
the domestic rainwater goods trade in competition 
with iron, which has continued to increase every year. 
A completely new departure was pioneered in the 
production of cast aluminum barrels, first for the 
beer trade and then spreading into other trades in 
competition with oak or other classes of hard wood. 

At the same time as this pioneer work was being 
developed, experience proved that the method could 
be used to satisfactorily compete with the permanent 
mold method where pressure tightness of a casting 
was of first importance. Later it was possible to 
spread into the furniture and light machine trade, 
such as textile looms, where reciprocating weight, as 
well as soundness of product, could be used with 
advantage. 

It would not be right to leave this brief and con- 
densed history without stressing the point that no 
system of founding has yet been developed that 
suited every type of casting that is required. As far as 
aluminum and its alloys are concerned the low 
pressure system will ultimately be the most popular, 
but for certain classes of work it will never be able to 
displace high pressure casting, slush casting or, for 
certain sizes of work, gravity or permanent mold 
casting. 


OPERATION 


The operation is to hold molten metal in a her- 
metically sealed crucible and expel the molten metal 
upwards from the crucible through a tube (similar to 
the principle of a soda-water syphon) into the base 
or lowest convenient point of a permanent mold. The 
pressure is maintained after the mold is filled to 
permit the feeding of the casting in an upward direc- 
tion against the force of.gravity. This is the reverse 
of the permanent mold method wherein a_ heavy 
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riser is used to carry metal in a liquid state for a 
longer period than the solidification of the casting 
proper and feed the heavy sections by force of gravity. 

One advantage of the low pressure method lies in 
the fact that the temperature of the permanent mold, 
due to its position during the casting operation, is 
nearly twice as hot as the accepted temperature used 
for gravity permanent mold work. This permits a 
longer period of time for feeding to take place, and 
thereby produces a sounder casting than is usual 
with gravity feeding. The pressures used vary with 
the height and weight of the casting. A minimum 
figure would be 214-lb/sq in., and a maximum figure 
of 10 lb/sq in. 

Experience has shown that if the permanent mold 
is mounted directly on top of the plate that is used 
to seal the crucible, there will be a definite period of 
time for each casting, over a reasonably wide range 
of metal temperature, where the metal in the tube, 
transporting the metal from crucible to mold, will 
remain molten, and the neck or ingate adjacent to 
the runner will solidify. It is at this point that the 
pressure in the crucible is released, and the column of 
liquid metal in the tube drops back permitting the 
casting to be extracted. 

Because this system of feeding is upwards in place 
of downwards risers are not required. Large quantities 
of castings have been produced weighing over 80 Ib 
per piece, with relatively heavy rims or bosses in the 
upper portions that are equally sound with the rest of 
the casting. 


MATERIALS AND METALS 


The most suitable material, when all factors are 
taken into consideration, for the mold, top plate and 
crucible, is good quality soft gray iron. This gray 
iron maintains its shape for long periods, despite 
consecutive heating and cooling, is economical to 
produce and machine and can be protected by dress- 
ing on those portions that come in contact with 
molten metal. The portion of the crucible containing 
the metal must be graphite, plumbago or other proved 
refractory that does not affect aluminum or its alloys. 

The tube transporting the molten metal from the 
crucible to the mold, if manufactured in cast iron, 
must be suitably protected by dressings against ero- 
sion, otherwise refractory materials such a silicon 
carbide, must be used, and works precautions against 
damage instituted and maintained. 

Ancillary equipment to facilitate the withdrawal 
and reassembly of the mold portions are similar in 
every respect to those used in permanent mold and 
high pressure work. 

From the description given above, any experienced 
foundryman in aluminum alloys will realize that 
alloys that solidify sharply and are difficult to feed, 
are not satisfactory for this method of casting. This 
excludes alloys having a high copper or zinc content, 
and favors alloys having a magnesium and silicon con- 
tent. For general purpose work the most satisfactory 
alloy is one containing approximately 11 per cent of 
silicon, and other metals only by impurity (grain 
refiners excepted) and where high elongation is per- 
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mitted the inclusion of magnesium is recommended, 
without any special precautions being taken, up to 
4/5 per cent. 

It will be appreciated that these details are a gen- 
eralization, and variations can obviously be made to 
suit any particular application. 


DIE DESIGN 


This is a wide subject that it is difficult to gen- 
eralize, each casting having to be taken on its merits. 
However, the aim, outside structural strength, is to 
so design the mold that cooling starts first at the 
point farthest away from the ingate, and continues 
progressively until reaching the ingate, which is the 
dividing line between the liquid metal and the cast- 
ing immediately prior to extraction. The portions of 
the mold that are thick in section have a chilling 
effect, and portions of the mold that are thin in 
section have a heating effect. This is due to the 
fact that they absorb less heat and allow free passage 
for a longer period for the metal to flow before 
solidification. 

Where strength is required, either for die manipu- 
lation, or to correct distortion it is advisable to fix, by 
bolting or like method, such supporting pieces to the 
mold. This is because any break, even when the adja- 
cent piece is well machined and bolted to the mold, 
constitutes a drop of from 25 to 50 per cent in the 
heat gradient. 

Multi-cores can be used, provided the joints ap- 
proximate to 90 degrees, and a slight lead is given to 
one part over the other to facilitate withdrawal. 

Wherever practical the height of the mold should 
be reduced to a minimum and the ingate applied to 
the heaviest portion of the casting. Inserts to effect 
progressive cooling can be made from copper plugs. 
The section of the mold can be varied to have the 
larger wall adjacent to the heavier thickness of the 
casting to be produced. The locking of the mating 
portions of the mold can most conveniently be ar- 
ranged by cams, solid or slotted. Any withdrawal 
aids that are applied should be removed from the 
mold itself to operate under as cool conditions as 
practical. 

The design of the mold should permit, in principle, 
the casting to be extracted from the mold with the aid 
of the core. After the core has performed that func- 
tion it should be extracted by any suitable mechanical 
means that gives sufficient mechanical advantage, the 
re-action to this pressure being afforded normally by 
a stripping plate. This usually encompasses the print 
of the core and forms the upper portion of the 
casting. 


DIE DRESSING 


This is similar to die design inasmuch as it is 
difficult to generalize, since each type of casting calls 
for variation in the dressing used. The most common 
dressings are a mixture of chalk (calcium carbon- 
ate), with an addition of water-glass (silicate of 
soda) as an adhesive. The surface of the mold against 
which the metal has to impinge should be rough- 
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ened, similar to the finish obtained by the application 
of emery cloth or shot-blasting. Small additions of 
boric powder will be found advantageous in absorb- 
ing super-heated moisture and preventing the forma- 
tion of gas bubbles, which in turn can create small 
blow-holes. 

Where it is desired to have free flow of metal, 
the dressing should be thickened by more than one 
application. Where it is necessary to accelerate cool- 
ing, the dressing should be thin or even bared down 
to the iron surface to accelerate the transfer of heat. 


The application of dressing to the mold is a prac- 
ticed and, one might almost say, a skilled operation. 
Mold vents should not be clogged, and mating por- 
tions of the mold that do not form the actual surface 
of the mold should be kept clear and free of dress- 
ing. This is to maintain casting dimensions and act 
as a vent, since it will be apparent that the rate at 
which the mold can be filled with molten metal de- 
pends entirely upon the rate at which air can be ex- 
pelled from the mold. 

Mating portions of the mold that do not form the 
mold surface, core prints, stripping plate prints, the 
base of the sliding portions of the mold, etc., should 
be lubricated with a thin application of adhesive 
graphite that is common practice in permanent mold 
operation. Where core tapers are narrow and the 
contraction of the casting is severe, applications of 
graphite can be made on top of the standard dressing 
referred to previously. This application is to act as 
a lubricant and facilitate the withdrawal of the core 
from the casting. 

The function of the dressing is to protect the in- 
flowing metal from giving up its heat too quickly. 
This permits adequate feeding as well as steadies 
the flow of the metal, prevents one part of the cast- 
ing being made at a higher level than the other during 
the flowing operation and imparts a uniform texture 
to the surface of the casting. 

For these reasons it is not possible to obtain the 
smooth surfaced finish on the casting surface that 
is usual with high pressure casting, but it is possible to 
maintain a higher standard of smoothness that is 
normally accepted with a permanent mold casting of 
the same type. 


ADVANTAGES AND DISADVANTAGES 


As mentioned previously, there are certain types of 
castings that will always be produced more economi- 
cally by gravity or permanent mold systems. These 
are,. broadly, where changes of section are severe, 
such as %,-in. to 34-in. and back again to %¢-in., or 
where the copper or zinc contents are higher than 
the magnesium or silicon elements, etc. Excluding 
this range, castings calling for sand cores, or multi- 
part metal cores, are not so suitable due to the pene- 
tration of metal between the print joints or sections 
of a builtup metal core. These shortcomings entail 
delays in operation, loss of mold heat and uplift in 
scrap percentage. 

Taken over a range of work the cycle time is 
longer, and operational corrections that occur in prac- 
tice like freezing up of the ingate, nonmetallic ac- 












cumulations in the runner stem, spillage through j 
adequate operational locking of the mold, etc. to 
name leading items, all take longer to clear and re. 
start than is customary with gravity or permanent 
mold work. 

The two foremost gains are metal ratio and sound- 
ness of product. It is usual in gravity or permanent 
mold work to have to melt 21% to 3 times as much 
metal as that required for the casting only. This is 
due to runners and risers, etc., taking a range of 
castings from 14-lb to, say, 5 lb. Whereas, by iow 
pressure the weight of excess metal (excluding flash) 
on castings from 14-lb to 70 or 80 Ib does not amount 
to more than 4 to 2 oz. 

Greater soundness is obvious, due to the longer 
feeding time and higher die temperature. 

Smaller gains are lower initial mold costs, ‘more 
consistent dimensional accuracy of production runs, 
cooler operating conditions and greater ease in apply- 
ing automatic mechanical control of casting and mold 
operation. 

In England long runs of castings are not so prev- 
alent as in U.S.A., so the call for mechanical aids in 
cycle operation are not so great. However, automatic 
timing of flow and mechanical aids for mold separa- 
tion and casting extraction are all matters for in- 
dividual consideration according to demand. 


METAL HOLDING 


The low pressure system involves holding molten 
metal for a period to give economic runs between re- 
filling the crucible. Where these periods are short, 
i.e., | to 2 hr, iron crucibles suitably treated with a 
protective coating similar to that described above, are 
suitable. However, where longer periods or shift-work- 
ing, constituting much longer periods, or 24 hr work- 
ing, is contemplated, it is essential to use plumbago or 
a similar refractory. 

Because such crucibles are not safe to withstand 
even the low pressures involved, the writer evolved a 
double-crucible for use with an electric induction 
furnace, whereby the pressure imposed to operate 
the mold was applied equally to the inside, as well 
as the outside of the crucible. This involved no equip- 
ment strain other than mild compression on the 
walls of the refractory crucible. This method can 
only be used satisfactorily with an induced electrical 
field, relying upon the cure point of the cast iron 
outer shell to maintain heat at an economical rate 
in the liquid metal. At the same time the iron shell 
takes the entire stress imposed by the pressure used, 
as well as a basis for an adequate seal to operate the 
system. 


ILLUSTRATIONS 


Because this short article on a wide and, as yet, 
partially developed subject may be more readily un- 
derstood, illustrations showing a simple die mounted 
on a gas-fired iron crucible of limited capacity (90 Ib), 
and another on an electric induction furnace of 750 
lb are attached (Figs. 1 and 2). The details can easily 
be followed from the numbered guide. 

Although low pressure die casting has been prac- 

















ticed by the author’s company with continued growth 
over the last 15 years, it has only become generally 


accepted during the last 5 years. It is now being used 
in a limited way in Austria, Germany, France and 
last year in U.S.A. by an automobile producer. In 
England it is used for the production of rainwater 
goods, looms, furniture, pressure fertilizer and paint 
equipment, street lighting, etc., and to the greatest 
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extent in pressure casks for the brewery trade which 
has now grown to the largest of its type in Europe. 

Like all other casting processes much depends upon 
usage, often termed “know-how,” or practice on the 
floor of the shop. This is quality that cannot be im- 
ported by writing, but is all-important in valuation 
between success and failure, judged economically or 
by value of the product. 
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WHERE DO WE GO FROM HERE? 


ABSTRACT 


The casting industry has changed greatly in the past 
ten years as far as methods, materials and equipment 
are concerned. Many metallurgical advances have also 
been made, but the production of castings has not in- 
creased a great deal; production has not kept pace with 
the production of other competitive industries. To over- 
come this, there is a need for more emphasis on the 
advantages of the casting process, according to the 
author, as well as putting into production higher 
strength metals which have been developed through 
metallurgical research. Thin walled castings, new pro- 
duction methods to make them competitive and skilled 
supervisory personnel are needed in the future of the 
foundry industry. 


INTRODUCTION 

When I began preparing this paper, my mind 
drifted back to 1917, the year I entered the foundry 
business. It was in those early years that I first met 
the man who is honored by this memorial lecture, 
Charles Edgar Hoyt. The changes since then have 
been gradual but, when looking back, truly remark- 
able. Many of the terms in regular use in the foundry 
today were unknown, or at least unfamiliar, in our 
foundries then, such as shell molds and cores (Fig. 1), 
CO, molds and cores, diaphragm molding, ultrasonic 
testing, gamma ray testing, vacuum melting, vacuum 
heat treating, and a long list with which you are fa- 
miliar. 

These methods, materials and equipment are some 
of the currently essential tools which we must in- 
creasingly apply and expand the use of if our in- 
dustry is to keep abreast of the rapid advances of 
this age. While this list may seem rather impressive, 
I am sure other industries, some of which are our 
competitors, can present an equally impressive one. 


METALLURGICAL DEVELOPMENTS 


The list of metallurgical developments during this 
time is also extensive. About the time I was entering 
the field, analysis by fracture was fading out and 
chemical and photomicrographic analysis was becom- 
ing a necessity. Nodular (ductile) iron castings (Fig. 
2), magnesium castings, titanium castings, pearlitic 
malleable castings (Fig. 3), and many other alloys 
and combinations in the ferrous and non-ferrous 
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field, practically unknown then, are now being made 
successfully on a broad production basis. 

Our research metallurgists give us an ever expand- 
ing series of high alloy metals which are heat and 
corrosion resistant to an almost unbelievable degree. 
Steel castings are being produced regularly with a 
minimum tensile strength of 250,000 psi and, experi- 
mentally, with even higher tensile strength in the 
range of 300,000 to 400,000 psi. High strength to 
weight ratio steels are being used at elevated temper- 
atures in the rocket, space travel and guided missile 
programs. Super alloys are operating at 1800F for 
extended periods of time. 

Improved low temperature metals are being pro- 
duced to operate in the Arctic and Antarctic, as well 
as in the pumping and storage of liquid rocket fuels. 
These metals require high strength and toughness 
in the range of —320 to —425 F. 

The progress of peaceful atomic energy utilization 
is to a large measure tied up with the advances in 
metallurgical knowledge and development, especially 
in the field of cast metals which lend themselves so 
admirably to the special shapes and forms required. 

The problem of producing castings having appre- 
ciable tensile strengths at elevated temperatures, to- 
gether with excellent corrosion resistance, is being 
met successfully by the foundry industry. 


Filamentary Crystals 

Recently I saw references to work being done in 
an area of filamentary crystals or “whiskers.” This 
represents nearly perfect crystallization. Such materi- 
als are reported to possess almost perfect theoretical 
strength which is in the order of 1,900,000 psi for 
iron. Just how these astonishing properties will be 
utilized and, further, how they will be able to fabri- 
cate or cast these whiskers is a part of the challeng- 
ing frontier ahead. 

In going through the new Gray Iron Castings 
Handbook, published by the Gray Iron Founders’ So- 
ciety, I was impressed with the vast amount of avail- 
able engineering data, such as: 


1) Stress Rupture. 

2) Mechanical Properties at Various Temperatures. 
3) Effect of Chemistry on Mechanical Properties. 
4) Stress Strain Data. 

5) Endurance Limits. 
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Fig. 2— Ductile (nodular) iron cast- 
ings. 





Fig. 1— Shell cores. 





Fig. 3— Pearlitic malleable castings. 
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Fig. 4 — Production comparisons of a decade ago. 


6) Impact Strengths. 

7) Wear Resistance Data. 

8) Corrosion Resistance Data. 
9) Creep Rupture Data. 


These are but a few of the tables and charts in 
this book. Similar data are available for the other 
cast metals. 


With all this engineering information readily ob- 


tainable, the design engineer can design parts with , 


a much higher degree of certainty and more depend- 
ably select the best material for a given set of oper- 
ating conditions. 


PRODUCTION COMPARISON 


The statistics in Fig. 4 indicate production com- 
parisons of a decade ago. When making comparisons 
of any kind, it is almost impossible to select a basis 
which is completely representative for all matters un- 
der consideration. When this paper was being - pre- 





pared, the latest complete available annual statistics 
were for the year 1958. 

I decided, therefore, to average the last three avail- 
able years — 1958, 1957 and 1956 — and compare these 
data with the average for a similar three-year period 
ten years prior — 1948, 1947 and 1946. The units of 
comparison were castings produced and sold in tons 
or lb. Tons or lb units were selected because, as far 
as I know, these particular units of measurement 
have not yet been affected by inflation. 

I considered using the dollar-unit, but unless ad- 
justed for inflation over even a short ten-year span, 
the figures would not be reliable statistics. One 
ton is still a ton, but with what is going on not only 
in America but in other parts of the world as well, 
it may not continue to be. While this paper is being 
presented before a technical group and you would 
expect, therefore, that it would include largely tech- 
nical material, “Where do we go from here?” will 
be most seriously affected by what we and other na- 

















TABLE 1 
Change 
Over 
1946- 
Avg. Avg. 47-48, 
1946-47-48 1956-57-58 % 
. US. Pogwtation .....25.6.% 144,048,000 172,714,000 20 
2. Ferrous Castings in Tons 
Tete Geay Ge... «5.2.05. 12,077,000 12,299,000 18 
Misc. Gray Iron4......... 8,017,100 7,402,400 (8) 
ERI Santee eee 3,973,500 3,205,400 (19) 
For own use .......... 4,043,700 4,197,000 + 
Heavy Ingot Molds ...... 1,775,100 2,305,900 30 
Chilled Iron Car Wheel .. 743,700 343,500 (54) 
Pressure Pipe and Fitting. 991,800 1,458,600 47 
Soil Pipe and Fittings ... 548,900 788,200 44 
ED 6:i0'e xvid OUR atwrs 1,614,500 1,606,400 (0.5) 
Total Malleable ........... 864,000 825,200 (4.5) 


Total Ferrous Castings ... 14,555,500 14,730,600 1.2 
3. Non-Ferrous Castings in 1,000 Ib 


Alum. & Alum. Base Alloys. . 442,700 699,300 58 

Copper & Copper Base Alloys. 1,059,300 860,400 (19) 

Magnesium & Mg. Base Alloys 8,700 31,200 258 
4. General 

Steel Ingot in Tons ........ 80,045,400 104,395,000 30 

Primary Alum. (U.S.) Tons . 534,900 1,630,700 205 

Wrought Al. in 1,000 lb ... 1,396,400 2,720,000 95 


Wrought Mg. in 1,000 Ib ... 5,770 22,010 280 


5. Materials for Molded and 


Extruded Plastics in lb ..Est. 473,000 1,489,000 214 


Note: A. All Gray Iron Castings Exclusive of Ingot Molds, R. R. 
Wheels, Pressure Pipe and Soil Pipe. 





tions do about our fiscal policy and the Govern- 
ment’s interference in our business. 

During the comparison period of ten years, our 
population has increased 20 per cent, more than 
172,000,000 people in the 1958 census figures. The 
overall production of ferrous castings remained prac- 
tically constant during this interval. 


Gray Iron Data 


The statistical data for gray iron is divided into 
seven classifications. These data indicate that for the 


TABLE 2 





Vol. of Castings Produced, Cu Ft 











Change 

Over 

1946- 

Avg. Avg. 47-48, 
Metal 1946-47-48 1956-57-58 % 

SOP IN, Si Svcs ys oes bac whee es 54,800,000 55,800,000 1.8 

REY Shige Saweie ese eaaaa eee, 6,610,000 6,580,000 (0.5) 

NEN: 0h. sls SaeieG oa encase 3,820,000 3,640,000 (0.5) 
Alum. & Alum. Base Alloys .... 2,560,000 4,120,000 61 
Copper & Copper Base Alloys .. 2,040,000 1,650,000 19 
IS a ind hye eewnes 76,000 274,000 260 

PEE shin ass eaidey nn secu 69,906,000 72,064,000 











type of castings made by most of the gray iron 
foundries represented in this room, namely, “Miscel- 
laneous for Sale,” production has decreased by 19 
per cent. It is the increased use of ingot molds, pres. 
sure pipe and soil pipe that has kept the overall 
gray iron production about constant during this tcn- 
year period (Tables 1 and 2). 

A further factor affecting the gray iron merchant 
foundry is the trend for castings to be made by cup. 
tive shops. In the 1946-47-48 period, the ratio of cap- 
tive tonnage to the total tonnage in the “Miscella- 
neous” classification was about 50 per cent; that is 
about half the castings in this group were made in 
noncaptive foundries. During the 1956-57-58 period, 
this had changed to 431% per cent. All of the decline 
was in “Miscellaneous Gray Iron (A),” and more 
took place in the merchant or jobbing foundries. 
Those making their own increased their tonnage by 
4 per cent. 

This growth may well be all in the automobile 
industry, the statistics are not classified enough to de- 
termine this. I am not aware of any great trend of in- 
crease in the captive foundry population, but there 
is a definite trend of reduction in the number of 
jobbing or merchant foundries. 


Between 1947 and 1959, an estimated average of 80 
gray iron foundries closed each year, for a total of 
about 965 of the 3,068 gray iron foundries operating 
in 1947. 


Steel and Malleable Iron Data 


The level of cast steel and malleable iron produc- 
tion has remained about constant during this period 
in spite of the increase in population. The compe- 
tition from, and the expanded use of, other materi- 
als has no doubt affected the production of all of the 
ferrous castings. 


An item which may have a substantial effect on 
the gray iron casting tonnage of the future is the 
possible ultimate adoption of the aluminum automo- 
bile engine. Because most automobile engine castings 
are produced in captive foundries, this may not so 
seriously affect the jobbing or merchant foundry in- 
dustry. The policy of automotive manufacturers 
seems to be that when a plant or process ceases to 
be needed the available facilities are converted to 
other uses, rather than to continue operations and 
enter into competition with outside producers of sim- 
ilar nature. 


Foreign Competition 


A number of times in my traveling about, I have 
been asked for my opinion of the effect of foreign 
competition on the foundry business. I have been un- 
able to find that as yet there has been any substantial 
import of castings as such into this country. As for- 
eign economics improve and their standards of liv- 
ing and wages adjust, the margin will narrow to the 
level of their productivity, and with a product like 
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castings I do not look for any substantial competi- 
tion from overseas. 

We cannot overlook, however, the impact of the 
finished product upon our casting market. I refer to 
such things as the importation of automobiles, elec- 
trical machinery, machine tools, tractors and agri- 
cultural equipment. These are all large consumers 
of castings. During 1958, we imported $28,000,000 of 
machine tools, $86,900,000 of electrical machinery 
and $486,800,000 of automobiles. Just how many ac- 
tual casting dollars these represent is difficult to 
evaluate, bue you can be sure it is substantial. Where 
this will end is difficult to say. 

As the European economy grows it will demand 
more and more of its own production, and its costs 
could well build up to match ours. In the meantime, 
American manufacturers and foundries too must ex- 
ert every effort to improve practices, quality and 
costs to meet this competition; and if we can keep 
our economy and our people free, we will to the 
benefit of all our people. 


Light Metals Data 


The position of the non-ferrous light metal found- 
ries is much more favorable in this comparison pe- 
riod. The combined aluminum and aluminum-based 
alloy casting production increased approximately 58 
per cent. Magnesium and magnesium-based alloy cast- 
ing production increased 258 per cent during this 
period. However, the copper and copper-based alloy 
casting production declined 19 per cent. 

It is realized that to add the total of all casting 
production together may not be entirely above ques- 
tion. However, I have done this and during the 1946- 
47-48 period a total of 15,310,000 tons of castings 
were produced. While in the 1956-57-58 period, a 
total of 15,526,000 tons were produced, or an overall 
increase of only 1.5 per cent. Even after adjusting 
for the variation in specific gravity, the total volume 
of casting production went up only 3 per cent, as 
compared with a 20 per cent increase in population. 


OTHER INDUSTRIES 


Now what happened to some of the materials which 
can be considered competitors of ours? Ingot steel 
production increased 30 per cent during this period, 
primary U.S. aluminum production increased 205 per 
cent, wrought aluminum 95 per cent and wrought 
magnesium 280 per cent. Materials for the production 
of molded and extruded plastics increased 214 per 
cent during this ten-year interval. The use of ferrous 
and non-ferrous metals other than cast increased in 
tonnage during this period a total of 32.6 per cent. 

This indicates that the foundries lost out to other 
means of fabricating in these same metals, to say 
nothing of the inroads of plastics. Every foundryman 
faces the challenge of improved techniques of pro- 
duction, metal and design to recapture this market. 

Why is our output substantially static? What can 
we do to change the condition? There are things to 
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be done if we are to stay solvent and remain an im- 
portant industry. Recently we replaced a_ heating 
boiler in one of our foundries. I well remember 
when the old boiler was put in operation, it cost 
about $10,000. To replace it will cost $50,000. This 
demonstrates how fast we must run to accumulate 
the necessary capital just to stay in business. 

With the present tax structure, how are we to ac- 
cumulate the capital so necessary to keep our plants 
intact, to say nothing about keeping them abreast of 
the times. Dimensional precision and better chemical 
and metallurgical control require new and improved 
production and laboratory equipment. The equip- 
ment is available, but how can we accumulate the 
necessary capital? 

The progressive individual income tax structure 
and the high corporate tax severely penalize the pro- 
ductive. It is called a “soak-the-rich” tax, but it is 
in fact not related to how much wealth you have, 
because an estate of tax-exempt securities could well 
pay no tax. It is related, however, to how produc- 
tive you are. Those that produce most and create 
the largest income are penalized the most. 

Unlike American business that rewards the pro- 
ductive, our Government penalizes the productive. 
This plagues all American industry and,. therefore, 
there are some skills and techniques, as well as some 
substantial effort that we must develop outside of 
our technical problems and in the area of public and 
political relationships. 


PUBLICITY NEED 


The aluminum industry, the steel industry and the 
cement industry are constantly broadcasting the merits 
of their product to the public and to the engineer and 
designer. This is an area the casting industry as such 
neglects, one in which I feel we must enlarge our ac- 
tivities. A concerted drive by all of the casting pro- 
ducers, individually and through such a group as the 
National Casting Council, to broadcast the merits 
of our particular manufacturing process, is seriously 
needed if designers, engineers and users are to be 
alerted to the relative merits of castings in certain 
designs. 

The casting process is a process whereby the most 
effective properties of a particular metal can be ap- 
plied and utilized to the greatest degree possible. 

Mill produced structures and shapes, such as 
beams, angles and plates most generally have of ne- 
cessity uniform cross-sections in one direction. When 
these uniform sections are fabricated into a structure, 
the maximum utilization of the metal section is not 
always attained. In the casting process, heavily 
stressed sections may be readily enlarged, and lightly 
stressed sections may be decreased in size or thick- 
ness with ease. The casting process alone affords this 
outstanding advantage. 


Castings Advantages 


We must emphasize this fact to designing engi- 
neers. We must point out to the casting buyer or de- 
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sign engineer the fact that by changing the section 
size to more effectively use the metal we can also re- 
duce the weight of the casting, and thus reduce the 
weight of the assembled product. There is a definite 
lack of published information as to how to properly 
design a casting from the stress and usage viewpoint. 
Basically, our textbooks and engineering formulas 
are for the most part based on uniform sections such 
as are produced by the rolling mills. 

Several of our AFS divisions are making a start in 
this direction. It seems to me that all technical and 
trade societies interested in the foundry industry 
should join with AFS to produce a textbook of this 
kind. The Steel Founders’ Society, the Gray Iron 
Founders’ Society and the Malleable Founders’ So- 
ciety have published excellent books which, in the 
main, deal with the mechanical properties of their 
specific metals. 

The design book I have in mind should deal pri- 
marily with the engineering design of castings from 
the viewpoint of getting the most efficient use of the 
metal by selecting design shapes best suited for the 
ultimate use of a part. 

It should emphasize the properties and advantages 
of our process, rather than a particular metal. If this 
is done, I am sure the most advantageous metal for a 
given job will be selected. A job well done along 
these lines would benefit the entire industry. 

Generally speaking, I think in the past the foundry 
industry has spent most of its time and effort mak- 
ing good castings, considerably less thought and ef- 
fort have been devoted to telling the customers about 
our developments. 

Our sales engineers must know the foundry proc- 
ess and really understand its advantage to develop 
the maximum use of castings. 


INDUSTRY CHALLENGE 


Technical development proceeds at a rapid pace. 
New demands on metals of all kinds challenge all in- 
dustry and especially our industry to speed up and 
broaden its research programs. 

We have found that by pooling our efforts and ex- 
changing our information we have all made more 
progress. Therefore it is incumbent upon us to sup- 
port our technical societies (our AFS) as well as 
those representing the various branches of our in- 
dustry. Through the combined support of these non- 
governmental technical societies, as well as the de- 
velopments in our own plants through the compet- 
itive urge, we will advance our whole industry. 

I would urge the technical divisions of these so- 
cieties to keep a bold and venturesome viewpoint. 
The technical societies’ staffs should be urged by 
their Board of Directors to have the courage to en- 
ter into little known fields and select projects for in- 
vestigation which may only have a fair chance to 
succeed. 


Research Necessary 


Our age has been accused of a “failure of nerve” 
with the result that our goal has become one of se- 








curity. The type of research necessary for the so!u- 
tion of our problem cannot flourish in an atmos. 
phere which emphasizes security. Good research must, 
by its mature, always encompass a large element «| 
uncertainty. If we can rest secure in the success of 
our work then we are not doing real research. \\e 
are instead, simply refining old methods and ma- 
terials already known to be reasonably successful. 

We must urge our technical and research grou))s 
to have a dynamic approach to our problems anil 
to have the courage to fail. They must also have the 
dogged determination never to stop searching for a 
solution no matter how often they may fail in the 
attempt. 


Data Utilization 


As previously stated, I think we have done an ex- 
cellent job metallurgically in advancing our industry. 
It seems to me we have not progressed as much in the 
less glamorous field of molding, with special refer- 
ence to utilizing some of the metallurgical informa- 
tion obtained. It appears to me, if we are to gain 
full advantage of the higher strength metals that our 
metallurgical research has developed, we must be able 
to produce our castings with thinner walls, thereby 
reducing the shipping weight and metal costs, thus 
putting ourselves in position to better meet our cus- 
tomers’ needs. 

I would like to urge our technical and operating 
people to attack this problem from two viewpoints. 
First, to produce mold surfaces which offer less _re- 
sistance to metal flow in thin sections. Second, if we 
are to produce thin wall castings a great deal of shop 
effort must be placed on developing our ability to 
make molds and set cores in such a way as to insure 
thin wall sections on a repetitive basis. 

There is no use having a metal which readily flows 
into thin sections if we cannot set our cores to con- 
sistently produce thin walls. To do so may require 
some drastic revisions, both in our molding and our 
core-making methods. 


Develop New Methods 


After these new techniques and methods are de- 
veloped, to be of value they must be put into daily 
production. This requires a skilled, informed super- 
visory staff in all departments of our shops. In this 
connection our foremen must be well trained in all 
phases of their job. I commend the American Found- 
rymen’s Society on their Training & Research Insti- 
tute program. This and similar institutes in allied 
fields will go a long way to help our supervisors 
keep abreast of current advances and to effectively 
utilize the new techniques and developments. 

The work of the Foundry Educational Foundation 
has given status to our industry in the engineering 
training field at the college and university level. 

There are some discouraging aspects about certain 
portions of the foundry business. If we approach the 
future with enthusiasm and vigor, I am sure that we 
will survive and grow. 





















ABSTRACT 


The first section is a brief description of the author’s 
company’s Accident Prevention program. 

Two stories of actual cases are used to show the vast 
difference in compensation values of years ago and 
today; and also to highlight the company’s regard for 
moral as well as legal responsibility. 

The theme is stressed that “accident costs are operat- 
ing costs” and can be kept to a minimum by accident 
prevention. 

The second section is composed of charts, photo- 
graphs and other illustrations to show “how to” and 
“how not to” have a good accident prevention program. 


INTRODUCTION 

One usually opens a talk by telling a funny story 
or two. I have a couple of stories, but they are not 
funny. However, they are true. 

The first one began away back on Nov. 9, 1907, 
when a boilermaker’s wife gave birth to her twelfth 
child. On Dec. 10, 1907, one month later, that boiler- 
maker was killed. He was crushed between two freight 
cars being coupled in the yard of the railroad shops 
where he worked. His helper was fired because he re- 
fused to sign a statement placing full blame on the 
boilermaker. 

What compensation do you think that widow would 
receive today? What compensation do you suppose 
that widow actually received?—$1700—and $700 of 
that came from contributions from fellow employees. 
The company’s lawyer persuaded the widow to set- 
tle out of court for $1,000. 


A TWO MINUTE JOB 


The other story is this: On Feb. 8, 1949, a master 
mechanic at one of the author’s company’s foundries 
was passing a mud mixing mill and he noticed that 
the housing was a bit loose. This mill was of simple 
construction—a v-belt drive from a motor turned a 
shaft which had a pinion gear meshing with a large 
circular gear that had a shaft extending down, and 
the mixing pan with the wheels and blades was below, 
about waist high. A push button control was sus- 
pended in front. 

The master mechanic climbed up on the housing, 
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checked it and found a stripped bolt. He told his 
helper to go get him a new nut and bolt. It was re- 
ported that the helper told him he “better lock out 
the main control switch.” The master mechanic said, 
“Never mind, this will only take 2 min.” 

The helper left to get the nut and bolt, and the 
mechanic stood astride the big gear. As he stood there, 
the operator walked over right in front of him and 
pushed the button and started the mill. The me- 
chanic was thrown into the gears. Suffice it to say 
the mechanic lost one leg below the knee, and was 
given one chance in a thousand to live through the 
night. He made it and he is still living, and was still 
on the plant payroll up until his retirement two years 
ago. His knowledge of the plant carried him. He had 
worked at the same plant for 40 years and reported 
daily to oversee the maintenance work, but he never 
finished that two minute job. 

How much has the case cost the auchor’s company? 
Just about $25,000. 

Draw the lessons from these two stories. 

I know personally what the loss of the boiler- 
maker meant to his widow and her children. I saw the 
struggle and the hardships that mother had raising 
that family. I know what accidents can do as I was 
that boilermaker’s twelfth child. 


COMPANY ATTITUDE 

Take the attitude of the companies involved. The 
boilermaker’s employer deliberately avoided paying 
what morally he should have paid, while the author's 
company, in the case of the master mechanic, did 
everything within its power to help the injured man. 
One of the best specialists in the country cared for 
him. There was never any attempt to intimidate the 
man nor his helper. 

In other words, the company felt morally obligated 
to do all that could be done to help. Following the 
compensation law the company could have gotten off 
much cheaper, but there is also the company’s moral 
obligations as employers. 

You may be saying: “This company is supposed to 
show how costs can be cut through an accident pre- 
vention program, and here it is admitted that the 
program failed in one case to the extent of $25,000.” 
In other words, why have a safety program if you are 
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still having accidents? The question is a simple one, 
and answered by another question. Do you do away 
with the fire department because you had a confla- 
gration? Do you say to do away with traffic lights and 
traffic regulations just because there are still automo- 
bile accidents? No, you increase your efforts to pre- 
vent fires and automobile accidents. 

That is exactly what the author’s company has done. 
Efforts have been and it has definitely shown that it 
pays off. 


SAFETY RULE VIOLATED 


Before going into that phase let us consider the 
rule which the master mechanic violated. The rule 
reads: “Whenever you have to work on any equip- 
ment you must lock the main control switch in the off 
position and keep the key to that lock in your pocket.” 

The author’s company is constantly checking on 
this. As you all know, certain equipment such as 
mixers, mud mixers, pug mills, and others have to 
be periodically cleaned or blades changed or repairs 
made. 

This reply came from one mixer operator when re- 
minded about locking out the switch before he 
cleaned it. He said: “I cannot do that because 
I clean it after every batch, and besides this is only 
a small open job and everybody can see me cleaning 
it.” The reply given him was something like this: 
“Put your arm in there and we will push the button.” 
He naturally objected. So he was told “You know 
there are still a lot of foolish people in this world 
who would push that button just to see what would 
happen? You had better lock it off each tinte just 
to be sure.” He said he would. 

There is value to safety regulations. If our master 
mechanic had followed safe procedure he would be 
a whole man today, and that $25,000 could have 
been used elsewhere. 


SAVE MONEY THROUGH SAFETY 


The point of all this is to see how to save money 
through the safety program. 

How is it done? By showing plant managers that 
accident costs are operating costs, and if they put 
more emphasis on how to prevent accidents they could 
cut those costs thereby lowering their operating costs. 
Everyone in the company is striving for lower costs, 
and accident costs are absolute waste. 

Also, the company de-emphasized the concern over 
lost timers, and put the emphasis on the elimination 
of accidents. The seriousness of an accident is mostly 
a matter of chance anyway. The master mechanic 
could have been thrown clear when that fellow start- 
ed the machine. 

The company is striving to prevent all accidents, 
and that also means those that do not result in 
injury. 





Accident Prevention Program 


What is the program? It is the standard committee 
type of program similar to the ones used by large 
corporations. The author’s company is not a large 
corporation, but it is felt that if these big corpora- 








tions can see the value in a safety program, then 
so can we. 

In the small plants there is one safety commitice 
composed of the plant manager, his foremen and 
representatives from each department in the plant. 
In larger plants there are three committees; one, 
made up of the manager and his supervisors, is known 
as the staff committee. The other two, one for the 
day shift and one for the night,, are composed of 
employees representing the various departments. 
These committees meet on schedule once a month. 

In addition to these committees each foreman has 
in his department a departmental committee com- 
posed of himself and two or three of his men who 
police, so to speak, their own departments. Also, each 
foreman is expected to informally discuss some phase 
of accident prevention individually with each of his 
men during each month. This is highly important. 
However, if the foreman is not sincerely interested 
in the safety efforts, this is waste. Furthermore, if 
the foreman is not sincerely interested in safety, he 
is not a real foreman. 


Inspections 

Inspections are conducted by the person in charge 
of safety at each plant, along with the maintenance 
foreman and one or two of the employees selected 
from the committees. These inspections cover the 
whole plant. Special inspections are made of chains 
and cables, safety glasses, safety shoes, fire fighting 
equipment, ladders, grinding wheels and the locks 
and keys supplied for locking out switches by main- 
tenance men and others whose duties require them 
to clean or adjust equipment. 

Also, accidents are investigated. Yes, the company 
still has to contend with accidents, and no doubt 
will continue as long as human beings are around. 
These investigations are made for one purpose—to 
learn the lesson the accident should teach. In other 
words, to find the cause of the accident and do the 
best possible to eliminate the possibility of a re- 
currence. 

It is not to find out who is to blame; that is 
too easy, and fruitless. It is based on these questions, 
the same ones a good reporter uses—who did what, 
when, where, how and why! 

That why is the crux of accident prevention work. 
If the why of the accident is not known, how can 
we prevent a recurrence? 


“A Place for Everything” 

Good housekeeping is the foundation of a good 
program. A place for everything and everything in 
its place may sound trite, but it is the only way 
to have real good housekeeping. 

There is no mystery about keeping a place clean. 
If only each one would keep his particular work area 
clean, good housekeeping would be routine. 


Industrial Hygiene Program 

In addition to the safety program, there is a med- 
ical and industrial hygiene program. All employees 
have pre-employment physical examinations, and pe- 
riodic check-ups with chest x-rays. All plants are sur- 























veyed periodically by the Industrial Hygiene depart- 
ment, assisted by the industrial hygienists from our 
insurance carrier. Many persons may say this is too 
elaborate a setup, but it is believed that a strong 
safety, medical and hygiene program is not only some- 
thing that companies owe their people, but also some- 
thing that turns in a profit for the stockholders and 
owners through the development of better human re- 
lations and lower operating expenses. 

When an accident occurs in your plant and an em- 
ployee is injured, do you consider it an operating 
cost? Do you begin an extensive and intensive search 
for the cause or causes of the accident? You should if 
you wish to cut costs. 

Since the majority of the author’s company’s plants 
are small, there is no physician at the plants, but 
there are designated physicians to handle accident 
cases, usually on a per case basis. However, the med- 
ical program arranges for a nurse at each plant. The 
company has its own staff of industrial hygienists and 
technicians. 


SMALL PLANT PROGRAM 


Small plants in a community could pool their re- 
sources in setting up a program, sharing the services 
of a physician or a clinic; and even hire a nurse to 
share her time, say among three plants. The author’s 
company does that in some communities. 

You could run your program on a cooperative ba- 
sis. Make use of all local sources of information, safety 
councils and associations. There are many ways to 
get assistance in accident prevention work. There are 
consulting safety engineers who could be employed on 
a part time basis to help. 

The company’s safety performance record is calcu- 
lated on a somewhat different basis than the one used 
by the National Safety Council and local safety coun- 
cils. The reason for changing the system, and rest as- 
sured it is much stricter than the systems set by the 
organizations just mentioned, was to give an honest 
picture of how the plants, divisions and company 
were doing in relation to actual costs. 

In other words it was found that a lot of little or 
minor cases can mount up costs. Thus, the company 
based accident frequency on all cases, not on lost- 
timers alone. 

It is known that the safety, hygiene and medical 
program is paying dividends. The amount of money 
that is saved is in black and white and is known as 
“out-of-pocket” expense. Expenses and costs result- 
ing from such a program as they appear on the com- 
pany books do not tell the complete story. For ex- 
ample, it is known that every dollar paid out for ev- 
ery accidental injury is not the only cost assumed by 
the company. 

There are many intangibles involved, each of which 
when related to over-all operations, bears a dollar 
sign. The experts have calculated this intangible and 
indirect cost to be four times the direct cost. If this 
is true, when a dollar of expense or cost is saved be- 
cause a program such as this has prevented an injury 
or disease, then with the same reasoning the company 
has saved indirect and intangible costs in a like ratio. 

Some of the plant managers were what we call after- 
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TABLE 1— BASICS OF ACCIDENT PREVENTION 





EMPLOYEES - MAN FAILURES - MANAGEMENT 


c 
a 
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[UNSAFE ACTS AND UNSAFE CONDITIONS | 
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ACCIDENTS 
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onc » 








INJURIES DAMAGED EQUIPMENT | 
DEATHS LOSS OF PRODUCTION 


the-fact boys. They were more concerned about what 
to do after the accidents occurred, than they were 
about preventing them. They have been convinced 
that it is better to put their efforts into preventing 
accidents rather than trying to cut costs after the ac- 
cident. 

All of us want safe plants and safe workers. Want- 
ing and willing are two different things. If you will 
something, you want it enough ‘to do something about 
it. So it is with accident prevention. 


WHAT IS SAFETY? 


Safety is forethought in action. It is looking ahead 
to see what can happen, and then taking the neces- 
sary steps to see that the wrong thing does not hap- 
pen (Tables 1, 2 and 3). 

A good safety philosophy is: 


1) A firm belief that all personal injuries can be pre- 
vented, and should be prevented. 


TABLE 2— WHAT TO DO ABOUT MOST ACTION 
BEING “AFTER THE FACT” 





GONE . 6.5 ww ca vacsen scakene Conditions 
Unsafe acts 

SE ais ns nenecicsanscesa Good housekeeping 

ED v2 «iv ncbeanse eae eee Inspections 
Investigations of accidents 
Recommendations 





TABLE 3— TEN BASIC SAFETY RULES 





1) Know your job thoroughly, including its hazards and safe- 
guards. 

2) Make the correct way habitual. 

3) Use all protective equipment and guards required by your 
work at all times. 

4) Think ahead to know what can happen, and then avoid the 
undesirable. 

5) Be your brother’s keeper, too. 

6) Keep your mind on your job — always and all ways. 

7) When in doubt, ask your supervisor or foreman anything 
pertaining to the job. 

8) Learn the basics of first aid treatment. 

9) Make safety your first consideration in all activities. 

10) Promote safety at all times — it may help promote you. 
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2) The conviction that it is possible to safeguard all 
operating exposures which may result in occupa- 
tional injuries. 

3) An understanding by all employees that it is to 
their own advantage as well as to the company’s 
to work safely, and that they are expected to co- 
operate to that end. 

4) A recognition that active alert safety conscious 
supervision from top management to foreman or 
supervisor is a vital factor in carrying out the 
safety program. 

5) The acceptance of the fact that prevention of per- 

sonal injuries and accidents is good business from 

the standpoint of humanity, efficiency and econ- 
omy. 





















This finger was cut off because of the ring pictured with it. 
The former owner of the finger was operating a drill press 





when the ring caught in the drill. Once up the drill was 
enough to do a fairly neat amputation job. 


How did this one 
occur? He climbed 
up on some metal 
shelving. In jump- 
ing down, his ring 
caught on a pro- 
truding bolt. He 
| hung there mo- 
== mentarily, but for- 
tunately a fellow 
employee came to 
his rescue and 
saved him from 
losing his finger 
completely. 









This shows the real value of wearing safety glasses. It is from 
a fuel and iron company. This man got the full force of a 
metal splash, but his eyes were saved by safety glasses. 





Here are the safety glasses that saved his sight. Through 
prompt, correct first aid and the results of modern medical 
treatment, this man showed almost complete recovery a few 
short weeks after the burn. 













Here is one right 
practice and two 
wrong ones. The 
person was right in 
wearing his safety 
glasses under his 
welders helmet, 
but wrong in wear- 
ing the rings. 



















There is nothing 
particularly spec- 
tacular about this 
man exhibiting a 
cracked lens in his 
safety glasses — 
except that he was 
operating a crane 
some 60 ft over the 
operations. The 
author’s company 
advocates 100 per 
cent protection 
throughout all 
plants. . . 
Here is a case of lack of supervision, lack of training and im- 
proper protection. The man who was using this wheel lost 
an eye. He was grinding a casting with a portable grinder 
that was limited to a 6 in. wheel and decided it was too small. 
He helped himself to the one pictured — 11 in. The wheel 
exploded in his face, and the spectacle-type satety glasses 
could not stand up under the impact. 


The wheel on a portable grinder one worker was using broke. Here is the mud mixer mentioned previously. Notice the push 
Note the hole through the face shield. It is not recommended button. The master mechanic stood astride the large gear. He 
that face shields be used for grinders. The workers must wear could have kicked or pulled the switch away from the operator. 
safety glasses too. 


This is a general view of the “harmless” 
mud mixer. 











effective. 











Here is an accident about to happen, and a fatal one. Notice 
the precarious position of that mold on those horses. This 
was the last mold the worker was to finish that day. It proved 
to be the last in his life. Earlier he had been warned that 
the horses should be kept straight, but — 


This tag (left) could have prevented the 
accident, but a lock out device is more 


Here is the main switch (right) to the 
mud mixer — not thrown or locked off. 















this is an enactment of what happened. As the molder went 
to get down to adjust the core from the bottom, he must have 
jolted the mold enough to spread the horses and allow the 
mold to topple over pinning him against the row of completed 
molds. 

The normal procedure in making a mold of this 
type is: 


1) Empty flask set on bumper machine. 
2) Place pattern in flask. 
3) Fill flask with sand and bump. 
4) Remove flask from bumper, turn it over and set 
flask on the floor. 
5) Draw pattern from flask. 
6) Place core in mold. 
7) Split mold by separating cheek from the drag. 
8) Place cheek of mold on steel horses which are 
approximately 14 in. high. 
9) Check core by feeling underneath. 
10) The cheek is then removed from the horses and 
replaced on the drag; mold is clamped and placed 
to be poured. 






































Here is how accident prevention worked to keep that type of 
accident from happening again. The horses were welded to 
flat bars to prevent their moving. Better guides were added; 
guide pins improved. Hooks were added to the sides. And, 
finally, though it is not pictured, a piece of stainless steel was 
placed across the bottom. Now the molder does not have to 
feel to see if the case is positioned properly, the stainless 
steel acts as a mirror, and he can look down and see up into 
the mold. 


PRINCIPLES OF ACCIDENT PREVENTION 


Accidents which have occurred disclose upon in- 
vestigation that some of the conditions were not as 
they should have been, and that one of these condi- 
tions may have been the proximate cause of the ac- 
cident. From this knowledge three lines of action 
are possible, and the result obtained in each case is 
of a different order. 


1) If steps are taken to remedy the given condition 
which has caused an accident, thus aiming to pre- 
vent recurrence of that accident, such action is a 
single procedure of correction. 

If the faulty condition is searched out in all like or 
similar operations, and all are brought under con- 
trol, that action is both corrective and preventive. 


rh 
— 













Here is an accident in which no one was 
injured. Tubs of sand had been piled five 
high. No attention was paid to the condition 
of the tubs. When the lift truck operator 
moved in to pick off the top one, the whole 
pile toppled over. Note in left hand corner, 
a valuable piece of equipment that was 
badly damaged. Also note the poor house- 
keeping. 
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3) If knowledge of accident causes and their preven- 
tive measures have been derived from other ex- 
perience, and operations are made safe before ac- 
cidents occur, the action is entirely preventive. 


Action taken to achieve correction only is hindsight; 
to achieve prevention is foresight. Many accident 
causing conditions can be controlled through the fore- 
man’s own initiative. 


HOUSEKEEPING 

One of the most important factors of effective in- 
dustrial hygiene and safety is housekeeping. There 
is little hope of success without it. Housekeeping re- 
quires the least investment, and brings great returns. 
The standard yard stick for measuring housekeeping 
is difficult. However, there are criteria of good house- 
keeping, which in themselves provide a rating system 
(Table 4). 


TABLE 4— GOOD HOUSEKEEPING RULES 





1) Assign a place for every piece of equipment and material. 

2) Place assigned should be determined by frequency of use. 
For example, seldom used patterns should be stored in an 
area remote from the working space. 

3) Keep nothing in the work zone which is not necessary to 
operation. 

4) At the end of the work period, tools, equipment and material 
should be stored as at the beginning. 

5) If the plant is clean, each work zone should be in the same 
condition at the end of day as it was at the beginning. 

5) Failure to keep production equipment in good repair equals 
bad operating. Failure to keep nonoperational equipment in 
good repair equals bad housekeeping. Hoods, lights, exhaust 
systems, ventilators, safety equipment should be kept in as 
good a condition as a piece of production equipment should 
be. 

7) Besides daily cleanup — spring cleaning idea is also necessary. 

8) Obsolete equipment, unusable material or equipment (and 
junk) should be disposed of. 

9) Maintain well marked aisles, and keep them clear at all 
times. 

10) Neglect of the physical plant is bad housekeeping (broken 
windows, damaged walls and floors, walks and stairways, 
leaky roofs. etc.). 

11) Keep wash, locker and lunch rooms compatible with human 
dignity. Use this as a rating test — would you yourself use 
these facilities in this condition? 

12) Neat piling of material is essential. 


> 
























This is the com- 
pany’s President’s 
Safety Trophy 
which is awarded to 
the plant which has 
the best all around 
safety performance 
for the year. This 
trophy has been 
awarded for seven 
years, and out of 
those seven years 
foundries have won 
won it five times. 


WHY SUSTAINED EFFORT? 


Why must the safety effort be repetitive and sus- 
tained?—Man is a peculiar animal when looked at en 
masse and objectively: 







1) He will not look far beyond his own self interest. 
2) He resents change and dislikes movement. 


3) He usually forgets the past and remembers inac- 
curately. 













Here is an accident that did not happen — but we will never 
know why. It is not posed. The picture was found in a desk 
drawer of a plant the author’s company bought a few years 
ago. The only comment on the picture was “pouring alloy 
no... .” The mold is in a 20 ft pit. The pourer is on a small 
bottom board, on a nail keg, on a skid that has wheels at one 
end — and the skid is just inches from the edge of the pit. 


4) He will not fight for things when he can find 
something to fight against. 


5) He does not like to differ from the crowd unless 
certain his differences will be recognized as su- 
perior. 


6) Except in periods of high emotion, he will not 
exert himself beyond the line of least resistance. 


7) He will not act even in important matters unless 
properly followed up. 


8) He resents being told what to do. 


TABLE 5— SUCCESS THROUGH CONTROL 















CONCLUSION 


An accident is a signal that something has been 
wrong in an operation. Unsafe conditions reveal the 
presence of a faulty design, equipment, arrangement, 
placement, training or operating procedure. 

Your cooperation in making design, equipment, ar- 
rangement, placement, training and procedure as per- 
fect as possible will eliminate as nearly as humanly 
possible all causes of accidents. 

The elimination of all causes is the aim. 
The life line of accident prevention is anticipation. 






































‘ver 
lesk 
sars 
oy 
nall 
one 
pit. 


nd 


CSS 


ot 


ce. 


~SS 





AUSTENITIC MANGANESE STEELS 


Some metallurgical factors influence 


ABSTRACT 


The results of studies leading to the improvement of 
wear resistance and mechanical properties of cast aus- 
tenitic manganese steels is presented. Modifications in 
composition and heat treatment were studied. The 
development of improved abrasion resistance in cast 
12 per cent manganese austenitic steel while retaining 
the high ductility characteristic of this type of steel, 
and the development of lean alloy austenitic steels 
which combine moderate ductility with markedly im- 
proved abrasion resistance are outlined. 


INTRODUCTION 


In the operations of the authors’ company’s mine 
and mill at Climax, Colo., steels having the character- 
istically high toughness of austenitic 12 per cent 
manganese steels are required in a number of major 
wearing parts. Some of these are in the slusher scrapers 
in the underground operations and in the gyratory 
and cone crusher liners in the crushing plant. In other 
major wearing parts, such as grinding mill liners, 
more wear resistant and less ductile types of ferrous 
alloys are used, such as those discussed in previous 
papers by the authors.1-2-3 

Austenitic types of high carbon steel, such as the 
classic Hadfield manganese steel, have a combination 
of desirable properties, both for processing and use, 
which make them commercially attractive. If these 
properties could be combined with improvements in 
resistance to wear and flow in service, then it is ob- 
vious that these austenitic steels would become more 
securely entrenched in those applications where high 
toughness is required. At the same time, they would 
probably regain some of the markets they have lost 
in those applications where high toughness is a desir- 
able but not absolutely necessary requirement in wear- 
ing or structural parts. 

Part of a continuing investigation into means for 
improving the wearing qualities, and in some cases 
the mechanical properties, of high carbon austenitic 
steels are covered in this report. Preliminary studies 
indicated two promising lines of attack on the prob- 
lem. In one, the use of special alloy additions to 
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12 per cent manganese steel were combined with mod- 
ifications of the conventional heat treatment to pro- 
vide improvements in both wear resistance and 
strength, with little or no loss in ductility. 

With this line of attack, improved austenitic steels 
suitable for use in slusher scrapers, in cone crusher 
liners and in other parts requiring high ductility have 
been developed. This development is covered in the 
first part of the paper. 

The second line of attack was an exploration of 
lower alloy contents in high carbon austenitic steels 
to achieve improved wear resistance at a somewhat 
lower ductility or toughness level. “Lean alloy” aus- 
tenites gave promise of fulfilling these requirements, 
particularly under conditions of high stress abrasion.? 
The development and study of these lean alloy aus- 
tenitic steels has now been carried to the point where 
a commercially suitable alloy has been developed for 
use in parts requiring only moderate ductility or 
strength, combined with a high degree of abrasion 
resistance. 

Such parts include grinding mill liners, grinding 
mill scoop lips, screen decks and possibly jaw crusher 
liners. This development is covered in the second 
part of the paper. 


DEVELOPMENT OF STEELS WITH 
IMPROVED WEAR RESISTANCE AND 
HIGH TOUGHNESS 


To improve the wear resistance of austenitic man- 
ganese steels without, at the same time, seriously 
injuring their toughness, a logical approach appeared 
to lie in the production of properly dispersed hard 
carbides in the austenitic matrix of the steel. Increas- 
ing the carbon in solution in the austenite was also a 
possible approach. It has been observed, however, 
that in the conventional Hadfield manganese steel, 
an increase in the carbides, or the carbon in solution, 
was usually accompanied by the formation of em- 
brittling-type carbide envelopes around grain bound- 
aries or as plates along crystallographic planes. 

To avoid such embrittlement, the form in which 
the carbides occurred in the austenite would obviously 
have to be modified, either by addition of other alloy- 
ing elements or by special thermal treatments. Both 
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possibilities have been investigated, and the results 
to date are summarized in the report. 


COMPOSITION MODIFICATIONS EFFECT 


Carbon 


Many investigators have reported the influence of 
carbon on the properties of austenitic manganese steel. 
In combination with manganese, it greatly influences 
the characteristics of the austenite, including such 
properties as tensile and yield strength, ductility, 
stability and wear resistance. 

In general, for wear resistant castings, it is desir- 
able to hold the carbon content at the highest level 
possible without seriously injuring the ductility of the 
steel. For the conventional Hadfield steel, this is 
usually in a range of 1.10 to 1.25 per cent. Higher 
carbon contents than 1.25 per cent usually tend to 
embrittle the steel by forming envelopes of (Fe,Mn),C 
type carbides around the grain boundaries, or by 
forming plate-type carbide precipitates along crystal- 
lographic planes. Means of avoiding this embrittle- 
ment, by modification of the type of carbide, will be 
discussed in subsequent sections. 


Manganese 


To retain a fully austenitic structure, the manganese 
content of an austenitized and quenched high carbon 
steel must be aboye certain minimum levels. Figure | 
indicates these levels for steels with varying manga- 
nese and carbon contents, as have been determined 
by several investigators.4:5. 6-7 
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Fig. 1— Comparison of Ms temperatures measured by 
various investigators. 


The data in Fig. 1 indicate that a quenched steel 
containing, for example, 1.20 per cent carbon, will 
be fully austenitic when it contains 5 to 6 per cent 
manganese. The development of high ductility and 
toughness in the austenite generally requires in excess 
of 10 per cent manganese. This is illustrated in Fig. 
2, which summarizes tensile properties obtained by 
the authors on a number of austenitized and quenched 
1.2 per cent carbon steels with from 5.5 to 13 per cent 
manganese. 

Commercially produced austenitic manganese steel 
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water quenched from 1800 F - 1900 F (after pearlitizing 
at 1100 F). 1.14- 1.20 per cent C, 0.61 -0.69 per cent 
Si, 0.045 - 0.058 per cent P. 


castings generally contain 1] to 14 per cent manga- 
nese, with a manganese-carbon ratio of about 10 to | 
or higher. The necessity of adhering to specific man- 
ganese-carbon ratios in formulating compositions is, 
however, questioned by the authors. 


Chromium, Nickel, Molybdenum 


Influence on As-Cast Properties. Heavy section 
castings made from the higher carbon grades of austen- 
itic Manganese steel are often prone to cracking in 
the foundry while they cool in their as-cast condition. 
This is believed to be due largely to embrittlement 
resulting from precipitation of carbides around grain 
boundaries or as plates along crystallographic planes. 
It is well-known that chromium additions tend to 
aggravate this condition, and this is confirmed by the 
authors’ observations. Molybdenum, on the other 
hand, when present in amounts over about 1.5 per 
cent, produces a globular type of carbide which forms 
from the melt in interdendritic sites and minimizes 
the development of grain boundary Fe,C type car- 
bides. 

This is illustrated in Fig. 3, which compares the 
as-cast microstructures, sand cast in 2-in. thick sec- 
tions, of plain 1.2 per cent carbon-manganese steel 
with the microstructures of two 2 per cent molybde- 
num steels containing 1.2 and 1.7 per cent carbon. 

The globular type of carbide formed im as-cast 
structures of the 2 per cent molybdenum steels has 
also been observed in heavy sections such as 10-in. 
diameter risers used on large castings. It persists with 
carbon contents up to about 1.7 per cent and is be- 
lieved to be an M,C type complex carbide. The car- 
bide formed in the plain or chromium modified man- 
ganese steels are of the (Fe,Mn),C type. The glabu- 
lar type of carbide formed in the as-cast 2 per cent 
molybdenum steels should permit the use of higher 
carbon contents, possibly up to as high as 1.7 per 
cent in commercial castings. 

Influence on Solution Treated Properties. The 
effects of the three most: commonly used alloying 
elements — chromium, nickel and molybdenum — on 
the mechanical properties of light section castings are 
summarized by Avery and Chapin® in Fig. 4. This 
indicates that molybdenum additions up to about 2 
per cent increases the yield strength without lowering 
the ductility or tensile strength. Chromium increases 
the yield strength, although at a slower rate, but 














Fig. 3 — Molybdenum and carbon influence on as-cast microstructures of 12 per cent manganese 
steels. Left — 1.34 per cent C, 12.85 per cent Mn; center — 1.30 per cent C, 12.31 per cent Mn, 2.0 
per cent Mo; right — 1.7 per cent C, 12.0 per cent Mn, 2.0 per cent Mo. 2 per cent nital etch. 100 X. 
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duce a moderate improvement in yield strength. 

The authors’ investigations on both 12 and 6 per 
cent manganese austenitic steels with increasing sili- 
con contents up to 2 per cent confirm Avery’s data. It 
was also noted that the higher silicon contents tended 
to throw carbon out of solution in the austenite by 
precipitating the carbon either as rather massive car- 
bides or as pearlite. This effect of silicon was observed 
both in as-cast steels and in the same steels after 
various thermal treatments. This apparent incom- 
patibility of carbon and silicon in solution in the 
austenite has also been observed in other high carbon 
types of steel and in the white irons. 

Presumably, where a high carbon content in solu- 
tion in austenite is required for good wear resistance, 
the effect of higher than normal silicon contents 
would be harmful. This has been confirmed by the 
authors’ wear tests, and by service results on ball mill 
liners reported by Mussgnug.1° 


Phosphorus 


Because of its generally harmful effect on the me- 
chanical properties of austenitic manganese steel, it 
is necessary to consider phosphorus as one of the 
important variables in composition. Phosphorus is 
probably particularly harmful in heavy section cast- 
ings, due to segregation effects. 

The A.S.T.M. Specification A128-33 for manga- 
nese steel castings limits phosphorus to a maximum 
of 0.10 per cent. Avery® has reported that above 
about 0.10 per cent phosphorus, the room tempera- 
ture ductility and tensile strength drop off rapidly. 
These results were probably from tensile bars cut 
from light section castings. Also, Avery’s work indi- 
cated that over 0.06 per cent phosphorus reduces hot 
strength and ductility which may result in hot tears 
in the castings. Weld deposits of austenitic manga- 
nese steels appear to be particularly sensitive to phos- 
phorus contents over about 0.02 per cent, as reported 
by Avery and Chapin® and by DeLong, Lutes and 
Reid.11 

The authors’ investigations on manganese-molybde- 
num austenitic steels cast in 2 in. thick keel block 
sections indicate that castings containing 0.077 to 
0.080 per cent phosphorus had definitely inferior ten- 
sile properties to those having similar compositions 
and treatments with 0.05 per cent or less phosphorus. 
This is illustrated by data in Table 2. Consequently, 


TABLE 2 — PHOSPHORUS INFLUENCE ON 
AUSTENITIC MANGANESE STEEL MECHANICAL 
PROPERTIES 





(Dispersion Hardened by Pearlitizing at 1100 F 
and Austenitizing at 1800 F) 





Heat 3522 Heat 3450 
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Ultimate Tensile Strength, psi .......... 117,500 95,600 
Ee, SERS ae nee rec 29.2 18.0 
eee ree 28.0 22.0 
I ee Pe Coe ee Ter 217 228 





a phosphorus content of not over 0.06 per cent, and 
preferably under 0.05 per cent, is now specified on a!] 
of the austenitic steel castings used in the mining and 
milling operations at the authors’ company. 


THERMAL TREATMENT MODIFICATION 
EFFECT 


Dispersion Hardening Heat Treatment Development 

The desired objective of producing fine carbide 
dispersions in the regular Hadfield type or specially, 
alloyed austenitic manganese steels does not appeat 
to be feasible with the conventional solution treat- 
ment, which involves heating to 1900-2000 F, followed 
by a water quench. However, a consideration of the 
phase diagrams for high carbon steels containing in 
excess of 1.5 per cent molybdenum indicated that 
there should be a good possibility of producing the 
desired carbide dispersions in austenitic manganese 
steels by combining a 2 per cent molybdenum ad- 
dition with modifications in thermal treatment. It 
appeared probable that if such an objective could 
be attained, improvements in both wear resistance 
and mechanical properties would be obtained. 

In an investigation of these possibilities, it was 
determined that fine carbide dispersions could be 
produced and retained in 2 per cent molybdenum 
austenitic manganese steels by a special heat treatment 
which involved first a transformation of part of the 
austenite to pearlite, followed by a temperature 
controlled re-austenitizing treatment. This dissolved 
most of the globular carbides and part of the car- 
bides in the pearlite, so the remainder of the carbides 
formed a fine dispersion of spheroidized carbides 
in the austenite. 

To produce pearlite in austenitic manganese steel, 
it was found that an isothermal subcritical anneal 
at 1100 F was most effective. In a 12 to 14 per cent 
manganese composition, it was found that the aus- 
tenite to pearlite reaction would proceed fairly rapid- 
ly during the first few hours at 1100 F, and would 
then slow down to an apparent equilibrium condition 
after about 12 hr, leaving about 35 to 50 per cent 
of the austenite untransformed. 

The controlled re-austenitizing treatment which fol- 
lows the pearlitizing treatment has been done at 
temperatures ranging from 1600-1900 F. As would be 
expected, an austenitizing temperature of 1600 F 
leaves greater amounts of spheroidized carbides in 
the structure than an austenitizing temperature of 
1900 F. 


Microstructure Comparison 


Figure 5 shows typical microstructures produced by 
the various austenitizing temperatures, and also 
shows for comparison the pearlitized structures of the 
same steels. It may be seen from a comparison of 
these structures that the fine carbide dispersion in 
the final structures exists principally in the areas 
which were pearlitic after the 1100 F treatment. In ad- 
dition to producing the carbide dispersion, the pearl- 
itized areas also produce a grain refinement in the 
final structure. It is believed that this grain refine- 
ment plays an important part in controlling the 
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ductility and possibly the tensile strength of the final, 
“dispersion hardened” structures. 

Figure 6 gives typical mechanical properties of 1.1 
to 1.2 per cent carbon, dispersion hardened compo- 
sitions with properties corresponding to the structures 
in Fig. 5. The 1600 F austenitizing temperature pro- 
duces the highest yield strength of the series, but 
also produces the lowest elongation. Consequently, it 
is believed that the 1600 F treatment would be suit- 
able only for castings used in relatively low impact 
service. With the higher austenitizing temperatures 
of 1700 to 1900 F, the ductility is greatly improved 
with some lowering in yield strength. 
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Fig. 6— Austenitizing temperature effect on tensile 
properties of austenitic steel (after pearlitizing at 1100 
F). 1.1-1.2 per cent C, 12.0- 14.0 per cent Mn. 


Since the 1900 F treatment dissolves most of the 
carbide dispersion, it was felt that the best compro- 
mise austenitizing temperature for heavy duty cast- 
ings, such as crusher liners, would be in a range of 
1700 to 1800F. For the dispersion hardened cone 
crusher liners and slusher scrapers used in the au- 
thors’ company’s operations, an austenitizing temper- 
ature of 1800 F has been used on practically all of 
the castings worn out to date. 


Molybdenum Influence on Dispersion Hardening 


The possibility that plain 12 per cent manganese 
steel compositions might respond to the dispersion 
hardening treatment has been investigated. The mi- 
crostructures in Fig. 5 indicate that the plain manga- 
nese steel will develop some carbide dispersion when 
re-austenitized at 1600 F, but this is almost completely 
dissolved when the re-austenitizing temperature is 
raised to 1700 F or higher. The dispersion hardening 
treatment appears, therefore, to be relatively ineffec- 
tive in the plain manganese steel. 

This is further confirmed by the data in Table 3, 
in which is presented a comparison between the plain 
and 2 per cent molybdenum-manganese steels both 
in the conventionally treated and dispersion hard- 
ened conditions. 

The effects of molybdenum and dispersion hard- 
ening on heavy section castings are indicated by the 






TABLE 3 — PROPERTIES OF 2 IN. KEEL BLOCK 
SECTIONS 


Yield Tensile Elong., Red.of Brine’! 
Str., psi Str., psi % in2in. Area,% Hardness 


Regular Manganese Steel 
1900 F, Water 
Quenched 55,000 115,000 40 30 175 
1100 F + 1800 F, 
Water Quenched 55,000 113,000 35 35 175 
12-2 Alloy 
2000 F, Water 
Quenched (from 
Avery*) 64,000 130,000 42 — — 
1100 F + 1800 F, 
Water Quenched 69,000 130,000 30 25 212 


*Reference 8, cast 1 in. test bars. 



















data in Table 4, which shows the tensile properties 
and hardness values of specimens cut from 6,000-lb 
cone crusher mantles which had sections originally 
about 4 in. thick. In these heavy sections, the 2 per 
cent molybdenum steels, in addition to having higher 
yield and tensile strengths, also exhibit better duc- 
tility than the plain manganese steels. Service results 
on these liners at the authors’ company provide con- 
firmation of the greater ductility of the 2 per cent 
molybdenum steels, since they have shown less tend- 
ency to premature failure by cracking than the plain 
manganese steel liners. 


Manganese Influence in Dispersion Hardened 
Austenite 


Manganese contents of less than 12 to 14 per cent 
were investigated for dispersion hardened 1.2 per cent 
carbon compositions, with and without 2 per cent mo- 
lybdenum. This was investigated since it was indicated 
that lower manganese contents would permit a greater 
degree of pearlitization during the 1100F holding 


TABLE 4— PROPERTIES OF SPECIMENS CUT FROM 
WORN CRUSHER MANTLES 


0.2%, Offset 
Yield Tensile Elong., Red. in Brinell 
Str., psi Str., psi % Area, % Hardness 








Regular Manganese 


Steel 
1900 F, Water 
Quenched 59,000 68,400 6.5 9.3 187 
60,500 76,400 8.5 11.3 187 
12-2 Alloy 
2000 F, Water 
Quenched 65,500 88,900 14.0 18.6 197 
66,600 91,500 15.5 27.2 217 
1100 F + 1800 F, 
Water Quenched 64,500 108,000 22.5 21.2 217 
69,700 123,100 25.0 22.2 223 
_ 119,400 26.0 22.4 223 
69,500 100,700 15.0 14.7 217 








period and, this in turn, would permit the develop- 
ment of a more complete or uniform dispersion of 
carbides, together with more grain refinement when 
the steels were re-austenitized and quenched from 1600- 
1800 F. There was also the possibility that the lower 
manganese contents would provide better wear re- 














sistance due partly to the better carbide dispersion 
and partly to the less stable austenite in the lower 
manganese steels. 

The average tensile properties and hardness values 


. obtained from this investigation are given in Table 5. 


The expected increase in carbide dispersion with the 
lower Manganese contents was obtained. The struc- 
tures were accompanied, however, by lower mechan- 
ical properties and toughness. In the interests of ob- 
taining improved wear resistance, the lower manga- 
nese steels with their lower toughness should be us- 
able in many applications. However, for large cone 
crusher liners, experience has indicated that a high 
degree of toughness is necessary to avoid premature 
failure by breaking or cracking. Consequently, none 
of the lower manganese steels have yet been tried in 
cone crusher liners at the authors’ company. 


Carbon Influence in Dispersion Hardened Austenite 


Increasing carbon content is generally one of the 
most effective means of improving wear resistance. 
In the straight 12 per cent manganese steel, increasing 
carbon effectively improves yield strength and pre- 
sumably improves wear resistance. However, carbon 
levels over about 1.25 per cent may cause trouble in 
heat treatment or foundry handling,® and may even 
lead to erratic service life; consequently, the carbon 
content is normally limited to about 1.20 per cent. 
The favorable influence of molybdenum in suppress- 
ing continuous grain boundary carbides indicated the 
possibility of using higher carbon contents without 
encountering this brittleness. 

In the heat treatment of the 12 per cent manganese- 
2 per cent molybdenum dispersion hardened steels, 


TABLE 5— MANGANESE INFLUENCE ON 
DISPERSION HARDENED AUSTENITE 
MECHANICAL PROPERTIES 





Austen- 0.2% 





itizing Offset Red. Bhn, 
Treat- Yield Tensile in Av. 

C, Mn, Mo, ment, _ Str., Str., Elong., Area, (3000 
> =. | F psi psi % % _ kg) 
1.14 8.3 — 1600 54,600 84,100 78 106 202 


1700 50,600 89,850 165 196 187 
1800 51,000 86,600 15.0 17.7 187 


1.16 8.1 2.1 1600 72,900 119,400 85 WS 277 
5 1700 63,550 112,300 150 170 241 
1800 59,350 94,850 12.2 186 223 


119 10.1 — 1600 57,600 94,600 11.0 176 210 
1700 55,700 117,000 27.0 302 187 
1800 54,050 110,500 275 348 183 


119 100 2.2 1600 69550 110,700 128 144 241 
1700 68,550 123,400 21.5 228 228 
1800 63,900 113,350 225 244 206 


119 120 — 1600 61,200 113,650 195 205 206 
1700 57,600 119,950 280 27.8 170 
1800 55,150 113,250 372 343 170 


120 116 20 1600 72,850 106,100 98 104 241 
1700 69,400 121,850 220 21.1 212 
1800 68,850 130,450 30.0 25.8 206 


All values represent average of duplicate tests. Specimens were 
solution treated at 1900F (2 hr) and water quenched; then 
pearlitized at 1100 F prior to the austenitizing treatment shown. 
The specimens were water quenched after the final austenitizing 
treatment. 
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it was found that increasing carbon contents in- 
creased the amount of pearlite produced during the 
1100 F pearlitizing treatment. This, in turn, produced 
more grain refinement when the steels were re-aus- 
tenitized and quenched. It is believed that this grain 
refinement is largely responsible for the superior ten- 
sile strengths and ductilities, shown in Table 6, for 
the pearlitized and re-austenitized steels when com- 
pared to the same compositions in their as-cast and 
re-austenitized condition. In addition, the influence 
of carbon in increasing yield strength and hardness is 
evident from the data in Table 6. 


TABLE 6— INCREASING CARBON AND DISPERSION 
HARDENING EFFECT ON AUSTENITIC MANGANESE- 
MOLYBDENUM STEEL MECHANICAL PROPERTIES 





0.2% Offset 





Thermal Yield Tensile Red. in 
Cc, Mn, Si, Mo, Treatment,  Str., Str., Elong., Area, 
%o %o %o Jo F psi psi %o %o Bhn 
Carbon Series 
122 119 05 2.0 P+1800 65,050 117,500 29.2 28.0 217 
P + 1900 63,150 109,500 $1.2 318 223 
AC + 1800 61,900 83,850 14.8 24.7 223 
1.32 119 06 2.1 P+1800 69,000 131,900 $2.0 31.4 228 
P +1900 68,550 116,900 $2.0 33.2 228 
AC + 1800 66,500 109,250 26.5 25.2 241 
147 120 05 2.0 P-+1800 72,150 125,700 27.0 24.7 241 
P +1900 69,700 118,550 $0.0 28.2 228 
AC + 1800 69,550 99,300 15.8 17.2 235 


Silicon Series 
123 123 09 2.1 P+1800 69,400 118,900 22.8 22.4 228 
P +1900 66,800 113,100 $0.5 27.5 228 
AC + 1800 64,250 96,800 21.2 24.6 228 


1.28 118 15 20 P+1800 71,500 125,800 27.5 24.5 241 
P +1900 65,750 107,750 25.0 26.3 241 
AC + 1800 65,450 92,300 15.0 19.6 228 


Values represent average of duplicate tests. P indicates that samples were 
pearlitized by holding at 1100 F for 12 hr and air cooling to room tem- 
perature prior to austenitizing treatment indicated. AC indicates that 
samples were in the as-cast condition prior to austenitizing. All samples 
were water quenched from austenitizing temperature after holding one hr 
at temperature. 





The strength, hardness and ductility of the higher 
carbon 12-2 alloys, together with the possibilities for 
improved wear resistance, were sufficiently good to 
justify their consideration for cone crusher liners at 
the authors’ company. Consequently, several liners 
with carbon contents of 1.4 to 1.5 per cent have been 
purchased and are now in service. It is worth while 
to note that no difficulties were experienced in pro- 
duction to these liners at the foundry. 

The higher carbon compositions have combinations 
of yield strength and ductility which may also make 
them attractive for heavy duty castings in structural 
applications, such as in logging or anchor chain. 


Silicon Influence 


Table 6 shows the influence of increasing silicon 
on the mechanical properties of the 12 per cent man- 
ganese-2 per cent molybdenum austenitic steels. A 
mild increase in yield strength and hardness, with 
probably some loss in ductility, is indicated. The 
microstructures of these higher silicon steels, in both 
the as-cast and dispersion hardened condition, indi- 
cate that increasing silicon contents tend to increase 
the quantity of undissolved carbides in the structures. 
These carbides were relatively coarse, and were dis- 
tributed principally at the grain boundaries. From 
observations of both mechanical properties and struc- 
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ture, there appeared to be little advantage, and pos- 
sibly some disadvantage, from the use of higher than 
normal silicon contents. 


RESISTANCE TO WEAR 


Gouging Abrasion 

Hadfield manganese steel is best suited for appli- 
cations involving heavy impact and gouging abrasion. 
Several years of experience have proved that the 12 
per cent manganese-2 per cent molybdenum modifi- 
cation gives best performance under similar condi- 
tions. Solution treated 12 per cent manganese-2 per 
cent molybdenum steel usually shows some benefits 
over Hadfield manganese steel and the 2 per cent 
chromium type, particularly where large sections or 
heavy impact is involved. 

For instance, in cone crusher liners at the authors’ 
company, conventionally treated 12 per cent manga- 
nese-2 per cent molybdenum steel had a normal serv- 
ice life only slightly above that of the straight 12 per 
cent manganese steel. However, the 2 per cent molyb- 
denum mantles were less susceptible to cracking and 
consequent premature failure when worn thin. Also, 
the 2 per cent molybdenum bowl liners showed no 
cracking around supporting hooks, a frequent charac- 
teristic of plain manganese bowl liners in the same 
equipment. 

In certain cases, the 12 per cent manganese-2 per 
cent molybdenum steel has also been advantageous 
where straight wear resistance is the key factor, as in 
the case of a crusher for roofing granules where the 
2 per cent chromium type gave a life of 484 to 505 hr, 
as compared to 665 hr for the 2 per cent molybdenum 
steel with a conventional treatment. The most 
significant improvement, however, has come when 
the 12 per cent manganese-2 per cent molybdenum 
steel has been dispersion hardened. Conclusive evi- 
dence of the superiority of the 12-2 alloy, dispersion 
hardened, is given in Fig. 7, by frequency charts of 
the life obtained on cone crusher liners at the authors’ 
company. 

The 12 per cent manganese-2 per cent molybdenum 
composition has been used in a number of other ap- 
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Fig. 7— Frequency chart of service life of standard 
cone crusher liners at authors’ company between 1955 - 
1959. 












plications, including hammers for impact pulverize 
stationary jaw crushers, grizzly screen sections and 
blades on folding-type scrapers. On the whole, the 
dispersion hardened 12 per cent manganese-2 per cent 
molybdenum steel has demonstrated a longer life than 
Hadfield manganese steel — ranging up to 40 per cent 
better —and greater resistance to flow. In isolated 
cases, as that of a slag-crushing unit, more spectacular 
improvements in life, up to three times longer than 
that of the straight manganese steel, have been 
reported. 


High Stress Abrasion 


In conditions involving high stress abrasion,? such 
as in grinding mill liners, best wear resistance has been 
obtained when the carbon in steel compositions was 
kept in solution, rather than having it present as 
carbides in the structures. It was not surprising, there- 
fore, to find that the solution treated 12 per cent 
manganese, or 12 per cent manganese-2 per cent mo- 
lybdenum austenitic steels had better wear resistance 
in ball mill service at the authors’ company than the 
same compositions in the dispersion hardened condi- 
tion. The loss in wear resistance, as a result of the 
dispersion hardening treatment amounted to about 
5 per cent when comparisons were made by the wear 
test procedure.? 

The wear test results for the 12 per cent manganese 
steels in grinding mill service at the authors’ com- 
pany are of academic interest only, since the relatively 
high wear rates on all of these steels makes them 
economically unsuited for ball mill liner service in 
the mills. 


DEVELOPMENT OF STEELS WITH 
IMPROVED WEAR RESISTANCE AND 
MODERATE TOUGHNESS 


Some abrasion resistant parts requiring moderate 
toughness, such as certain grinding mill liners, ball 
mill scoop lips, screen bars, discharge grates, roll 
shells, impact pulverizer liners and hammers, slurry 
pipe and certain earthmoving parts, need better abra- 
sion resistance than that of Hadfield manganese steel, 
yet the full ductility and toughness of this steel is not 
necessary. While certain of the martensitic steels have 
good wear resistance, they may present serious found- 
ry and heat treatment problems when heavy sections 
or complicated shapes are involved. 

In these cases, high residual stresses may be set up 
that, because of the high yield strength and relatively 
low ductility, cannot be relieved at the low temper- 
ing temperatures that must be used for good wear 
resistance. On the other hand, an austenitic alloy 
would not present these difficulties, and residual 
stresses would be comparatively low in view of the 
low yield strength. This explains the interest in an 
austenitic material combining moderate ductility with 
good abrasion resistance. 

A possible clue to suitable austenitic compositions 
which would have good wear resistance was provided 
by wear tests on grinding balls, using a test proce- 
dure developed at the authors’ company,12 and by fur- 
ther wear tests on materials for grinding mill liners.? 
In all of these tests it was noted that when high car- 
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TABLE 7— RESULTS FROM PRELIMINARY SERIES OF LEAN ALLOY AUSTENITIC STEELS! 














Item Composition, % Micro- Hardness, 0.2% Yield Tensile Elonga- Reduction Abrasion 
No. Cc Mn Cr Mo Ni Cu structure? Bhn Str, psi Str, psi tion, % of Area,% Factor’ 
| 1.34 12.0 - 0.5 - _ A 207 59,900 105,400 26.0 31.5 136 
1.37 6.0 - 0.! - o A 217 56,800 83,700 15.0 23.1 114 
1.34 3.0 — 0.5 _ — A 201 Y-block cracked on quenching broke 
1.34 12.0 3.0 0.5 — _ A,C 228 68,400 106,900 18.0 16.0 128 
) 1.35 5.9 3.0 0.5 — _ A,C 228 66,100 87,500 10.0 10.0 broke 
6 1.33 3.0 3.1 0.5 — - A,C,Dgb 241 67,100 82,600 4.5 5.9 broke 
7 1.36 1.5 3.0 0.5 - - A,C,Dgb 248 Y-block cracked on quenching broke 
8 1.34 1.5 3.1 0.5 10.0 - A,C 241 58,700 84,000 9.5 11.3 127 
9 1.34 1.5 3.0 0.5 5.1 - A,C 228 59,900 67,800 4.0 5.0 broke 
10 1.34 1.5 3.0 0.5 2.6 _ A,C 207 59,900 72,300 3.0 5.5 broke 
1] 1.33 1.5 3.0 0.5 - 3.0 A,C,Dgb 228 63,000 72,700 2.5 3.7 broke 
12 1.35 2.4 3.0 0.5 = 3.0 A,C 241 58,300 72,700 5.0 11.3 broke 
13 1.35 2.4 _ 0.5 — 6.3 A.Dgb 223 56,800 70,400 5.0 9.1 broke 
14 1.36 5 3.0 0.5 — 6.2 A,C,Dgb 255 62,000 75,800 $5 2.8 broke 
15 1.35 1.5 3.0 1.0 — _ A,C 235 Y-block cracked on quenching broke 
16 1.33 1.5 3.0 2.0 — ~ A,C 241 Y-block cracked on quenching broke 


1) All groups solution treated by a water quench from 2000 F. 
2) Microstructures observed: 

A — Austenite 

C — Carbide phase 


Dgb — Dark-etching grain boundaries (probably carbide envelopes) 
) Abrasion factor is rate of wear relative to a factor of 100 for a 1.0% carbon, 0.8% 


oo 


martensitic steel air quenched from 1900 F. 


manganese, 6.1% chromium, 1.0% molybdenum 





bon low alloy steels had structures which were par- 
tially, or in some cases fully austenitic, they had out- 
standing abrasion resistance which, in many instances, 
was even better than that of the martensitic steels 
and martensitic white irons. 

With the fact well-established that lean alloy, high 
carbon austenitic steels were capable of providing 
good wear resistance, the next task was to develop 
compositions of this type which would also have 
adequate toughness for commercial use in a wide 
variety of wearing parts. It was further indicated by 
the prior tests? that to have adequate toughness, 
the austenitic steels should have Ms temperatures well 
below normal room or atmospheric temperatures, to 
prevent transformation and resultant embrittlement 
in service. The desired objectives could best be at- 
tained by confining the investigation to those high 
carbon lean alloy steel compositions which were capa- 
ble of retaining fully austenitic structures under all 
conditions of service. 


COMPOSITIONS INVESTIGATED 

For a preliminary evaluation, a rather broad range 
of austenitic compositions was investigated. A molyb- 
denum addition of 0.5 per cent or more was made 
to each of these to assist in suppressing pearlite and 
embrittling types of carbides in their structure. Each 
composition was sand cast and heat treated both as 
Y-blocks for tensile test specimens and as 414-in. di- 
ameter balls which were tested in a 9 ft diameter pri- 
mary ball mill at the authors’ company in “wear-in” 
and wear tests according to the procedure outlined 
in a reference.2 Table 7 lists the compositions, mi- 
crostructures, hardness, tensile properties and abra- 
sion factors (relative wear rates) obtained from this 
series. 


The Y-blocks from all of the compositions in Ta- 
ble 7 appeared to have a fully austenitic matrix, as 
was indicated by their micro:tructure, hardness and 
magnetic tests. In spite of this, only items 1, 2 and 
8 exhibited satisfactory toughness in the 414-in. diam- 
eter balls tested. The 12 per cent manganese-3 per 
cent chromium steel (item 4, Table 7) also survived 
both the wear-in and wear test. However, circum- 
ferential cracks developed in the balls of this group 
so that they probably would have broken after fur- 
ther service. The breakage on the remaining groups 
occurred mainly during the 172-hr wear-in period, 
and only groups 1, 2, 4 and 8 survived through the 
subsequent 150-hr wear test. 

It was concluded, from the observed microstruc- 
tures and the results in Table 7, that the 3 per cent 
chromium addition, with its resultant production of 
undissolved and grain boundary carbides in the aus- 
tenite, was largely responsible for the breakage which 
occurred on the test balls in this series. Some of the 
compositions, such as items 3, 7, 15 and 16, also prob- 
ably had an insufficient amount of austenite stabiliz- 
ing elements to retain a fully austenitic structure in 
zones of alloy segregation, such as can exist near the 
center of the balls. Magnetic tests on the recovered 
sections from the broken balls indicated the presence 
of non-austenitic phases near the center of many of 
the broken balls. 

The good abrasion factor and relatively good duc- 
tility and toughness of item 2 suggested that a simple 
composition, dependent only on a suitable balance 
of carbon, manganese and molybdenum, could be 
used to produce a commercially useful lean alloy aus- 
tenitic type of steel. It appeared that the carbon con- 
tent should be near the maximum amount which 
could be held in solution, the manganese should be 
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near the minimum permissible for full retention of 
austenite and sufficient amounts of molybdenum 
should be used to suppress the formation of embrit- 
tling-type carbides and/or pearlite, particularly in 
heavy section castings. 


Carbon and Manganese Content 


Figure 1 suggests that with carbon contents in the 
desirable’ range of 1.2 to 1.5 per cent, it would prob- 
ably require a minimum of about 4.5 per cent manga- 
nese to retain a fully austenitic structure, under all 
service conditions, in solution treated light section 
castings. In heavier section castings, a somewhat 
higher manganese content would probably be neces- 
sary because of alloy segregation effects. 

To further explore the properties of lean alloy 
austenites based on the use of carbon, manganese 
and molybdenum, and at the same time study the ef- 
fects of copper and silicon additions, a second series 
of compositions was cast as Y-blocks and as 41,-in. 
balls. The balls from this series were worn-in, then 
tested together with the surviving groups from the 
first series in the wear test in one of the company’s 
primary ball mills. Table 8 lists the compositions and 
results obtained. The compositions are listed in this 
table in their order of decreasing wear resistance (in- 
creasing abrasion factor). 

It is significant that all of the steels in Table 8, 
with the exception of item 12, survived the wear-in 
and wear test without breakage. The 2.1 per cent 
silicon addition to item 12 is believed to be respon- 
sible for breakage of balls from this steel. An exam- 
ination of their interior structure (from their recov- 
ered pieces) indicated a measurable amount of car- 
bide precipitation and pearlite formation around 
the grain boundaries. Evidently the steel had insuf- 
ficent hardenability as a result of the silicon addi- 
tion. 

The abrasion factors for items 5 and 6 indicate 
that silicon additions injure wear resistance of lean 
alloy austenites. Since silicon is not an austenite 
stabilizer, it is believed that its effect is to throw 


carbon out of solution which, in turn, reduces the 
wear resistance of the austenite. 

The results from items 7 and 10 indicate that cop- 
per additions injure the wear resistance of the 514 per 
cent manganese, austenitic steels. However, when cop- 
per is added to an austenitic steel composition, it 
should be permissible to lower the manganese con- 
tent to some extent and still retain an austenitic struc- 
ture. With lowered manganese, wear resistance should 
improve, so that manganese-copper combinations may 
be commercially feasible. 


Additions Effect 


From the wear tests on marked balls run to date at 
the authors’ company, it has been possible to con- 
struct Fig. 8 which summarizes the influence of man- 
ganese, carbon, molybdenum and chromium plus 
molybdenum, on abrasion factors of solution treated 
austenitic steels. It is evident from this figure that 
best wear resistance is obtained in an austenitic 
steel when the manganese is low. It is further indi- 
cated that carbon should be at the highest level 
which can safely be retained in solution. A chromium 
addition to these steels improves their wear resist- 
ance but tends to embrittle them, so that wear re- 
sistance may be more effectively improved with less 
loss in toughness by reducing manganese than by add- 
ing chromium. 

It is indicated in Fig. 8 that molybdenum addi- 
tions moderately improve wear resistance. However, 
the economic justification for molybdenum in these 
steels comes mainly from its potent effect in sup- 
pressing embrittling types of carbides and pearlite in 
the austenite, rather than from its effect on wear re- 
sistance. 

A desirable composition range from lean alloy aus- 
tenitic steel castings, with a good combination of wear 
resistance and toughness, is indicated by the infor- 
mation in Table 8 and Fig. 8. On the basis of this in- 
formation, a specification for the company’s ‘6-1 al- 
loy” has been adopted for ball mill liners, ball mill 
grates and certain other wearing parts in the mill and 


TABLE 8 — RESULTS FROM SECOND SERIES OF LEAN ALLOY AUSTENITIC STEELS! 





Hardness2 








Item Composition, % 0.2% Yield Tensile Elonga- Reduction Abrasion 
No. Cc Mn Si Mo Other “A” (Bhn) “B” (Rc) Str, psi Str, psi tion, % of Area,% Factor3 

1 1.37 6.0 0.5 0.5 - 217 48 56,800 83,700 15.0 23.1 114 

2 1.19 5.6 0.5 1.0 - 192 48 54,650 72,850 9.5 14.2 115 

3 1.19 55 0.5 0.5 - 187 49 52,150 71,750 10.5 15.4 116 

4 1.19 5.6 0.5 - - 207 49 50,550 73,300 78 13.8 117 

5 1.20 5.6 1.1 - - 197 48 54,350 76,400 8.8 16.6 119 

6 1.22 5.6 1.5 - - 207 48 56,700 79,250 8.8 13.9 121 

7 1.21 5.5 0.5 - 1.6 Cu 197 49 51,500 76,500 9.8 15.8 122 

8 1.34 1.5 0.5 0.5 3.1 Cr, 10.0 Ni 241 47 58,700 84,000 9.5 11.3 127 

9 1.34 12.0 0.5 0.5 3.0 Cr 228 46 68,400 106,900 18.0 16.0 128 
10 1.22 5.7 0.5 — 3.1 Cu 192 47 53,500 80,750 12.8 17.7 129 
ll 1.34 12.0 0.5 0.5 _ 217 47 59,900 105,400 26.0 31.5 136 
12 1.22 5.7 2.1 - - 217 44 60,950 83,000 8.2 11.2 broke 


1) All groups solution treated by a water quench from 2000 F. 
2) Hardness: 


“A” (Bhn) is the hardness of the solution treated steel prior to any work hardening in service. 
“B” (Rc) is the average Rc hardness on the worn surface of the test balls. 
3) Abrasion factor is rate of wear relative to a factor of 100 for the 1.0% carbon Cr-Mo martensitic steel described under Table 7. 














crushing plant. This specification is given in Table 9. 

The molydenum content of 0.80-1.20 per cent in 
Table 9 has been chosen largely on the basis of its 
known metallurgical effects in austenitic manganese 
steel castings. Experience with Hadfield manganese 
steel production has indicated that when the man- 
ganese content drops below about 10 per cent, the 
castings tend to be brittle both in their as-cast and 
heat treated condition. This is mainly due to pre- 
cipitation of embrittling-type carbides, and in some 
cases pearlite, around grain boundaries and along 
crystallographic planes. 

Molybdenum is effective in suppressing these em- 
brittling types of precipitates in both as-cast and 
heat treated castings. However, the range indicated 
in Table 9 is still somewhat arbitrary, even though 
it has given good results to date in commercial pro- 
duction of the 6-1 alloy. Possibly, for light section 
castings with simple shapes, a range lower than 0.80 
to 1.20 per cent would be adequate. For heavy sec- 
tion castings or castings subject to welding, a range 
above 1.5 per cent molybdenum (such as is used in 
the 12-2 alloy) would be advisable. 


6-1 ALLOY MICROSTRUCTURE 


Figure 9 shows a representative microstructure of 
the solution treated 6-1 alloy. It is typical of an aus- 
tenitic steel and closely resembles regular Hadfield 
steel, except possibly for its grain size. The 6-1 alloy 
will normally develop considerable pearlite during 
cooling and reheating while in its as-cast condition. 
The phase change occurring during subsequent solu- 
tion treatment of the 6-1 alloy produces grain refine- 
ment, so that it tends to be finer grained than the 
regular Hadfield steel. 


MECHANICAL PROPERTIES OF SOME 
6 PER CENT MANGANESE STEELS 


In Tables 7 and 8, the tensile properties and hard- 
ness of various modifications of the 6 per cent man- 
ganese steels, in their heat treated condition, are 
presented. It should be emphasized that the results 
were obtained from specimens cut from one in. thick 
Y-blocks and are, therefore, only representative of 
light section castings, heat treated individually. Since 







Fig. 9 — Microstructure of 6-1 steel. 1.2 per 
cent C, 5.6 per cent Mn, 1.03 per cent Mo, 
reheated to 2000 F for 3 hr, water quenched. 
192 Bhn. 4 per cent picral etch. 100 X. 
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TABLE 9— SPECIFICATION OF “6-1 ALLOY” 
CASTINGS 


1) Melting Furnace: Basic-lined electric or open-hearth. 
2) Composition, %: 





SS Pr reer To 1.25 - 1.40 
eee, onsen dE 
ORES or ee 0.40 - 0.70 
Molybdenum .............: 0.80 - 1.20 
PE. 00's > Gyn oyna van 0.05 max. 


3) Treatment: 
a) Allow castings to cool slowly to room temperature 
or at least below 1000 F in their sand molds. 
b) Heat slowly to 1900 - 2000 F. 
c) Water quench. 
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these light section castings tend to cool rapidly, both 
after casting and during quenching, they do not have 
much opportunity to precipitate carbides or pearlite 
in their structure. 

Consequently, the strength and ductility values 
given in Tables 7 and 8 should be interpreted with 
definite reservations. For example, reasonably good 
ductility was shown for the 3 per cent chromium mod- 
ification (item 5, Table 7) and for the 2 per cent 
silicon modification (item 12, Table 8), yet these 
two steels broke when tested as 414-in. diameter balls. 
The reason for this is evident from their micro- 
structures, which indicate the balls from these com- 
positions contained much greater amounts of grain 
boundary precipitates than the corresponding tensile 
specimens, as shown in Fig. 10. 


THERMAL TREATMENT MODIFICATIONS 
EFFECT 

In analogy with the 12 per cent manganese-2 per 
cent molybdenum composition, discussed previously, 
it was felt that a dispersion hardening treatment might 
be beneficial to the 6-1 alloy. Pearlitization in the 
6-1 alloy is much more complete than in the 12-2 alloy. 
This, in turn, produced a more uniform dispersion of 
fine spheroidized carbides in the 6-1 alloy when it 
was dispersion hardened. However, when 414-in. balls 
from this dispersion hardened 6-1 alloy were subjected 
to a‘ball mill wear test, the results were disappointing. 

An abrasion factor of 121 was obtained, as com- 
pared to a factor of 115 for the same composition 
(1.19 per cent carbon) in the solution treated condi- 
tion. Also, two of the four dispersion hardened balls 
broke in test. 

It is obvious from this preliminary study of disper- 
sion hardening of lean alloy austenites that the treat- 
ment will not improve resistance to high stress abra- 
sion in grinding mills. This confirms a similar 
study made on the 12-2 alloy for grinding mill serv- 
ice. Apparently, when the grinding type of abrasion 
is involved, it is desirable to keep as much carbon 
as possible in solution in the austenite and depletion 
of carbon in solution to produce a carbide dispersion 
tends to injure wear resistance. A similar result has 
also been observed in the low alloy martensitic steels. 

Under conditions of gouging, and also in scratching 
(low stress), abrasion where undissolved carbides in 
a structure have been found to improve wear-resist- 
ance, the dispersion hardened lean alloy austenites 
may still merit consideration. However, it appears 
that the composition of the steel should be adjusted 
to provide sufficient carbon and manganese for both 
the austenitic matrix and the undissolved carbides in 
the steel. Probably the carbon should be increased to 
at least 1.3 per cent and the manganese to about 8 per 
cent in order to obtain adequate toughness from a 
dispersion hardened, lean alloy austenite. Some data 
on 8 per cent manganese, dispersion hardened steels 
are given in Table 5. 


6-1 ALLOY SERVICE PERFORMANCE 


High Stress (Grinding) Abrasion 
The characteristics of the 6-1 alloy, which include 
comparatively good abrasion factors, moderately good 






ductility and ready adaptability to economical com- 
mercial production, are such that it appears to be 
well-suited to use in most ball and rod mill liners, 
as well as in ball mill discharge grates. To evaluate 
this material in these applications, several sets of ba!! 
mill shell liners, end liners and discharge grates have 
been: purchased and are on test in the company’s pri- 
mary ball mills. 

In the discharge grates, performance of the 6-1 alloy 
to date has been outstanding. Wear measurements 
indicate the grates will have a life of 23 to 26 months 
as compared to a life of 1] to 12 months in the same 
service for the 0.5 to 0.6 per cent carbon, pearlitic 
chromium-molybdenum cast steel grates (250-300 
Brinell) normally used in these mills. In addition, 
the 6-1 alloy grates show better peening characteristics 
on their wearing face, which is helpful in preventing 
plugging of the grate openings by worn steel balls. 

In the ball mill shell liners, which are of “thin 
shiplap” design, wear measurements indicate the 
6-1 alloy steel liners will have a life of approximately 
4200 operating hr. A normal life is 3000 to 3300 hi 
for 0.80 to 0.90 per cent carbon pearlitic chromium. 
molybdenum steel (350-400 Brinell) and 3400 to 
3800 hr for 0.65 to 0.75 per cent carbon, martensitic 
chromium-molybdenum steel liners of the same de- 
sign in the same service. 

The improvement in life from use of the 6-1] alloy 
is somewhat greater than would be indicated by 
abrasion factors obtained from large diameter test 
balls made from the 6-1 alloy and from the two types 
of chromium-molybdenum steel. It is believed that 
the inherently good depth hardening characteristic of 
the 6-1 alloy, when used in the comparatively heavy 
liner castings, is an important factor contributing to 
its good performance. 


Gouging Abrasion 

In applications involving gouging abrasion, fairly 
severe impact is often involved. Consequently, aus- 
tenitic manganese steel of the Hadfield type, or one 
of its various modifications, is extensively used in such 
applications. For many of these applications, however, 
the lean alloy austenites should have adequate tough- 
ness, so their wear resistance under conditions of 
gouging abrasion is of interest. To evaluate this, the 
6-1 alloy is being tested in grizzly screen sections, 
in jaw crusher liners and in ball mill scoop lips. 
In each of these applications, wear is believed to occur 
principally by gouging abrasion. 

In the grizzly screens and jaw crushers, the 6-1 alloy 
appears to be giving satisfactory and possibly supe- 
rior service, although no comparative wear rates are 
yet available. In the scoop lip application, one set of 
lips has been worn out and gave 9 weeks service, 
compared to a range of 4 to 7 weeks for regular 
Hadfield manganese steel lips in the same service. 
Figure 11 shows a picture of one of the worn 6-1 
alloy lips. The dents in the leading edge of this 
lip are believed to be due to impacts from 3 in. diam- 
eter grinding balls which were fed daily into the 
scoop box. It is significant that no breakage occurred 
on these lips, even after they were worn to a thin 
metal section. 
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Fig. 10 — Microstructures of 6 Mn-3 Cr and 6 Mn-2 Si steels, water quenched from 
2000 F. Left — one in. Y-blocks; right — 442-in. balls. Top row — 1.35 per cent C, 
5.90 per cent Mn, 0.5 per cent Si, 3.03 per cent Cr, 0.53 per cent Mo. Bottom row — 
1.22 per cent C, 5.7 per cent Mn, 2.1 per cent Si. 4 per cent picral etch. 100 X. 


Low Stress (Scratching) Abrasion 

Austenitic manganese steel normally has relatively 
poor resistance to scratching or low stress types of 
abrasion, but is used under certain conditions for 
such applications. An example is slurry pipe for back- 
filling mine stopes, where occasional bending stresses 
or rough handling might cause breakage of less duc- 
tile materials. The 6-1 alloy appears to be sufficiently 


promising in such applications that an evaluation 
of its relative resistance to scratching or erosive types 
of abrasion appears to be warranted. 


SUMMARY AND CONCLUSIONS 


As part of a program to improve the wear resist- 
ance of austenitic manganese steel, two basic ap- 
proaches have been used. In one, carbide dispersions 












Fig. 11 — Worn scoop lip cast from 6-1 alloy. 


in the austenite were developed by means of special 
alloy additions and modifications in heat treatment. 
In the other, less stable and more wear-resistant types 
of austenite were developed by the use of lean alloy, 
high carbon compositions. 

Austenitic steels having a combination of good me- 
chanical properties and improved resistance to goug- 
ing abrasion, as in cone crusher liners, are produced 
when carbide dispersions are developed in the 12 per 
cent manganese high carbon types of austenitic steel. 
The carbide dispersions, together with grain refine- 
ment, are obtained by combining a 2 per cent molyb- 
denum addition with a special dispersion hardening 
heat treatment. This dispersion hardening heat treat- 
ment involves a pearlitizing treatment at 1100 F, fol- 
lowed by a re-austenitizing at temperatures ranging 
from 1700-1900 F. 

The embrittling types of carbides which tend to 
form in high carbon austenitic steels are effectively 
suppressed by the addition of molybdenum in excess 
of about 1.5 per cent. Molybdenum additions to these 
steels permit the practical use of higher carbon con- 
tents, in a range of about 1.3 to 1.5 per cent and 
possibly higher. With these higher carbon contents, 
it is reasonable to expect further improvements in 
wear resistance. 

Service experience with dispersion hardened, 12 per 
cent manganese-2 per cent molybdenum austenitic 
steel with a carbon range of 1.15 to 1.35 per cent, in- 
dicates that this type of steel has better wear resistance 
than the Hadfield or 2 per cent chromium types of 
austenitic manganese steel, when used in conditions 
involving gouging abrasion, such as in cone crusher 
liners. The dispersion hardened 12 per cent manga- 
nese-2 per cent molybdenum steel has exhibited im- 
proved mechanical properties in heavy section cast- 
ings. 

The mechanical properties and results of wear tests 
on various lean alloy types of austenitic steels are 
presented and discussed. It is shown that an austen- 
itic steel with a combination of moderate ductility 
and improved wear resistance is obtained from a com- 
position containing about 6 per cent manganese, | 
per cent molybdenum and 1.3 per cent carbon. This 
steel is solution treated by water quenching from 
1900-2000 F. 

Service tests in ball mill liners, grates, scoop lips 
and in jaw crusher liners and grizzly screens indi- 





cate the 6 per cent manganese, 1 per cent molybde-. 
num, 1.3 per cent carbon steel, solution treated, has 
good abrasion resistance in both grinding and goug- 
ing types of abrasion. These tests have demonstrated 
that this austenitic steel is economically attractive for 
use in many wearing parts requiring a combination 
of moderate ductility and high wezr resistance. 
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INFLUENCE OF NICKEL UP TO 37 PER CENT 


AND SILICON UP TO 3 PER CENT ON THE 
EUTECTIC CARBON CONTENT OF CAST IRON 


ABSTRACT 


Nickel and silicon additions decrease the solubility 
of carbon in liquid iron. The magnitude of the de- 
crease attributable to silicon has been known for many 
years. However, the prior data on the effect of nickel 
are quite meager. This report describes experiments 
which were carried out to evaluate the joint effects of 
nickel and silicon on the eutectic carbon content of iron 
over the ranges usually employed in cast iron. A formu- 
la describing these effects is given. 


INTRODUCTION 

Increasing use is being made of austenitic cast irons 
containing 20 to 35 per cent nickel. An addition of 
magnesium can be made to these irons to produce 
materials containing spheroidal graphite which makes 
the iron much stronger and tougher. Pumps, valves, 
exhaust manifolds, turbocharger casings and many 
other types of castings which require good quality con- 
trol are made from such irons. Accurate knowledge 
of the combined effects of nickel and silicon on the 
eutectic carbon content of iron is essential to the 
foundry control of these alloys. 

The literature on the iron-carbon-nickel system, at 
the levels of nickel of interest here, is quite limited. 
Two investigations of the effect of nickel on the 
eutectic carbon content have been reported. The re- 
sults of these investigations by Schichtel and Piwo- 
warsky! and Kasé? are not in agreement. In review- 
ing these two studies Marsh? could not decide which, 
or if either, data were reliable. Schichtel and Piwo- 
warsky studied the joint effects of nickel and sili- 
con on the eutectic carbon content, but their experi- 
ments were limited to a maximum of about 15 per 
cent nickel. 

Both the iron-graphite and nickel-graphite binary 
systems exhibit eutectics. Since iron and nickel are 
mutually soluble, the liquidus surface of the ternary 
iron-nickel-graphite system exhibits a eutectic trough 
extending from one binary eutectic point to the other. 
The effect of silicon in decreasing the eutectic car- 
bon content of iron is well known. This investiga- 
tion was undertaken to obtain quantitative data on 
the joint effects of nickel and silicon on the eutectic 
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carbon content of cast iron. Nickel contents up to 37 
per cent in conjunction with silicon up to 3 per cent 
were studied. 


PROCEDURE 


The cope surface segregation of carbon in ductile 
iron in excess of the solubility limit is well known.4 
It was observed in the course of other work that in a 
large casting requiring 214 hr to solidify this segrega- 
tion is complete. Careful analyses for carbon and 
silicon from the body of such castings showed that 
the composition invariably conforms to the eutectic 
carbon value. The eutectic carbon content is defined 
by the following formula, which has been used for 
many years to describe the effect of silicon on the 
eutectic carbon content of iron: 


Coutectic = 4.30 — 0.33 (% Si) 


Proper procedure in obtaining samples for carbon 
analyses must be employed because graphite can be 
lost mechanically from samples of small particle size. 
All samples for determination of carbon in this in- 
vestigation consisted of particles measuring 44, to 
¥4g-in. thick by about \% to %¢-in. square. 

It has been noted that the graphite spheroids in 
hypoeutectic ductile irons tend to occur in straight 
lines.5 In heavy hypereutectic castings these lines of 
spheroids become zones of heavy concentration of 
spheroids.6 Such zones occur throughout the cast- 
ing, and should not be confused with the segregation 
of excess hypereutectic graphite at the cope surface. 
The zones are formed by the upward flotation of 
graphite spheroids, which are trapped by austenite 
dendrites. The zones tend to be horizontal and rather 
far apart depending upon the solidification rate. In 
an effort to avoid any error in analysis caused by 
this graphite segregation, the particles for carbon 
determinations were cut from the castings in such a 
way that the longer dimension lay in a vertical direc- 
tion. Thus, the particle would span several of the 
horizontal graphite layers in the structure. 


Carbon and Silicon Analyses 


Since the utilization of large castings for the pro- 
gram would be impractical, ductile iron containing 
no nickel was cast into a series of bars of various sizes. 
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Fig. 1— Nickel effect on the eutectic carbon content 


of iron. 


NICKEL AND SILICON EFFECT ON SATURATION 
CARBON CONTENT OF IRON 








Melt No. Cc, Si Ni 
25280-1 3.55 NF. 15.4 
3.46 
3.65 
25280-2 3.33 N.F 17.8 
3.23 
3.45 
25281-1 3.19 N.F. 23.9 
-2 2.94 NF. 28.0 
25282-1 2.73 0.45 33.1 
-2 2.55 0.42 36.8 
25288 3.01 0.25 25.5 
3.01 
3.07 
25286-1 3.15 0.98 19.3 
-2 2.96 1.86 19.1 
25287-1 2.83 2.38 19.5 
-2 2.56 3.65 19.6 
25947 2.66 1.07 29.6 
2.75 
25948 2.59 1.60 29.9 
25949 2.55 2.14 29.9 
2.63 
25950 2.30 2.68 29.7 
2.45 
25951 2.30 3.13 30.4 
25955 2.71 0.92 31.8 
2.58 
25956 2.63 1.27 30.1 
25957 . 2.63 1.83 30.0 
2.42 
25958 2.50 2.13 29.9 
24309 2.30 2.65 30.0 
2.34 
24311 2.57 0.80 33.6 
2.62 
24789 2.50 1.15 34.4 
24790 2.42 1.71 34.3 
24791 2.35 2.05 34.1 
2.52 
24792 2.29 2.51 34.3 








Carbon and silicon analyses were obtained in order to 
determine if a smaller size casting would be suitable. 
The following values were obtained from near the 
bottom of a casting 234-in. in diameter and 81,4-in 
high: 


C, % Si, %, 
3.5 2.37 
3.63 
3.41 
3.67 


The average of these carbon values (3.57 per cent) 
and the silicon content fit the formula given above, 
and the casting was considered to be satisfactory. 

A considerable number of high-carbon melts were 
made with varying silicon and nickel contents. Car- 
bon analyses from near the bottoms of the cylinders 
were correlated with the nickel and silicon contents. 
Since the values obtained did not agree with either 
prior investigation when extrapolated to zero silicon, 
additional melts were made in which silicon was ab- 
sent. Since nickel is a graphitizer, no significant 
amount of carbide was encountered, and all melts 
solidified according to the stable metal-graphite sys- 
tem. 

The charge materials for the latter melts were in- 
got iron, electrolytic nickel and graphite. A small 
amount of silicon was necessary for deoxidation prior 
to the addition of the graphite in order to control 
the melt. The melts containing silicon were made 
from pig iron of low phosphorus and manganese 
contents, nickel and ferrosilicon. All melts were 
treated with one per cent nickel-magnesium alloy to 
spheroidize the graphite, and the melts in which sili- 
con was studied were inoculated with 0.5 per cent 
silicon. The melting unit was a 30-lb induction 
furnace with a magnesia lining. 


RESULTS AND DISCUSSION 


The effect of nickel in decreasing the eutectic car- 
bon content of iron was found to be approximately 
linear up to about 37 per cent nickel, as shown in 
Fig. 1. If the accepted value of 4.30 per cent carbon 
in the absence of nickel is included with these data, 
the rate of decrease is 0.047 per cent carbon/per 
cent nickel. Complete data on these and all other 
melts are presented in the table. Eutectic carbon 
values determined in this investigation are approxi- 
mately midway between the rather divergent values 
reported in the literature. Kasé’s determinations are 
lower, while Schichtel and Piwowarsky’s are higher. 

Three series of melts of approximately constant 
nickel and varying silicon contents were made. These 
melts contained nominally 20, 30 and 34 per cent 
nickel. Over the silicon range employed, an essen- 
tially linear effect of silicon on the eutectic carbon 
content was observed at each particular nickel level, 
as is shown in Fig. 2. However, the magnitude of the 
effect of silicon varied with nickel content. At 20 per 
cent nickel, the eutectic carbon content is decreased at 




























the rate of 0.22 per cent for each per cent of silicon 
added. 

At 34 per cent nickel, this rate becomes 0.14 per 
cent. The data at 30 per cent nickel exhibit an un- 
explainable, greater scatter than at the other two 
nickel levels. For this reason the rate of decrease of 
carbon with increasing silicon was determined sta- 
tistically and found to be 0.19 per cent for each per 
cent silicon. As shown in the inset of Fig. 2, these 
slope values, in conjunction with the usual value of 
(0.33 per cent at zero nickel, vary approximately line- 
arly with nickel content. 

Schichtel and Piwowarsky determined the maximum 
solubility of carbon in the melt as a function of 
nickel and silicon contents and temperature. These 
carbon solubility values for a particular nickel and 
silicon composition were plotted versus temperature. 
Extrapolation of such data to the temperature at 
which freezing began gave values for the eutectic car- 
bon content. 

The different experimental method used resulted 
in values somewhat different from those found in 
this study. However, the trend of Schichtel and Pi- 
wowarsky’s data substantiates the present finding that 
the influence of silicon decreases with increasing 
nickel content. 

The observed effects of nickel and silicon on the 
eutectic carbon content can be expressed by the fol- 
lowing formula: 


( 


eutectic — 


4.30—0.33 (%Si) — 0.047 (% Ni) + 0.0055 (%Ni) (%Si) 


This formula is valid only for nickel contents up to 
37 per cent and silicon contents up to 3 per cent. 
The 95 per cent confidence limit (twice the standard 
error of estimate) is +0.16 per cent carbon. Figure 3 
presents the relationship graphically at nickel levels 
pertinent to the common grades of austenitic cast 
iron. 
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Fig. 2 — Effect of silicon at various levels on the eu- 
tectic carbon content of iron. 
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Fig. 3 — Graphical presentation of the formula 

for eutectic carbon content determined in this in- 

vestigation at nickel levels pertinent to the com- 

mon grades of austenitic cast iron. 

C. = 4.30% — 0.33 (% Si) — 0.047 (% Ni) + 
0.0055 (% Ni) (% Si) + 0.16% 








RAMMING AND CLAY CONTENT 
EFFECT ON HOT COMPRESSION 
STRENGTH OF MOLDING SAND 


by R. W. Heine, J. S. Schumacher, W. F. Shaw and E. H. King 


ABSTRACT 


In foundry usage, molding sands are exposed to tem- 
peratures ranging from atmospheric to over 3000 F. 
The behavior of sands and molds at elevated tempera- 
tures is generally agreed to importantly affect the 
quality of castings made. However, the principles of 
behavior of sands at elevated temperature, the proper- 
ties of a wide range of compositions of sand-clay mix- 
tures and their relationship to casting quality have been 
evaluated only to a limited extent. Basic information 
on principles of the effects of clay content, and type 
and amount of ramming on elevated temperature prop- 
erties of simple sand-clay-water mixtures, is needed. 
This paper presents such information for the hot com- 
pressive strength property. 


REVIEW OF PAST WORK 


A number of investigations of various elevated 
temperature properties of sands have been reported 
in the literature.1-17 Most of the reports!-14 show 
examples of hot compressive strength vs. temperature 
curves of the kind shown schematically in Fig. 1. 
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HOT COMP. STR, = PSI 






































TEMPERATURE F 


Fig. 1— Schematic diagram of usual relationship of 
hot compressive strength and temperature of testing. 
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The source of strength at various temperature 
levels has not been proved. However, the mechanisms 
suggested appear to be sound. At low temperatures 
(below 1000 F) hot strength is ascribed to the dry 
strength developed from the evaporation of mois- 
ture.!;2 Thus, increased dry strength from increased 
moisture content results in increased hot strength 
in this temperature range.1-2 

As temperatures increase toward about 1750F, 
clay forms a viscous glass from fusion,! and causes 
the large increase in hot strength, shown in Fig. |. 
Further, increase in temperature toward 2000 F and 
above is accompanied by a decrease in viscosity of 
the fused clay and a large drop in strength, as 
shown on Fig. 1. Reference one indicates maxi- 
mum hot compressive strength occurring at 1600, 
1750 and 2050 for southern bentonite, western ben- 
tonite and fireclay bonded mixtures, respectively. The 
general type curve (Fig. 1) may display some other 
minima, plateaus and maxima,!.2 but these seem of 
minor consequence. 

The literature appears in agreement as to the ef- 
fect of clay content on hot compressive strength. 
An increase in clay content is said to raise the hot 
strength vs. temperature curve. For example, curves 
for 1, 2 and 4 per cent western bentonite all at 
3 per cent moisture are compared.? The reference? 
shows hot strength curves are raised by 50 per cent 
when the per cent clay is doubled from 2 to 4 per 
cent. However, the literature has been concerned with 
limited clay contents. The present paper will show 
that beyond a certain percentage, increasing bento- 
nite clay content will actually lower the hot strength 
of a sand. 

Comparison of the effect of common foundry 
clays on hot strength can be found in various 
references. 1!,2,5,6,7,9,10,11,13,14,16 Jt is generally 
agreed by these authors that western bentonite im- 
parts the greatest hot strength, southern bentonite 
the lowest and fireclay intermediate hot strength. 
While this is no doubt true, the comparisons were 
based on mixtures containing equal percentages of 
clays. Since equal percentages of these clays are sel- 
dom used in foundry sands, comparisons should be 
based on a wider range of clay contents than the 
literature offers. Temperature of comparison is also 
important since the clays are reported to exhibit 
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TABLE 1 — SAND MIXTURES USED FOR HOT 
COMPRESSIVE STRENGTH TESTS 


























Mixture 
Type Sand Clay Type and Per cent H,O, % 
a 67.9 AFS Silica* W. Bent. — 1.0, no additives 2.10 
67.9 AFS Silica* 3.0 2.10 
67.9 AFS Silica* 6.0 2.7-2.9 
67.9 AFS Silica* 8.0 $.1-3.2 
67.9 AFS Silica* 20.0 5.0 
2 67.9 AFS Silica* 5S. Bent. — 4.0 23 
6.0 28 
8.0 3.0 
3 None W. Bent. 86.9 13.1 
None S. Bent. 86.2 13.8 
None Fire clay 90.1 9.9 
4 Iron Foundry, W. Bent. 9.8% AFS Clay 2.9 
68 AFS No. 5.5% Combustible 
5 Iron Foundry, S. Bent. 12.5% AFS Clay 4.4 
78 AFS No. 6.2%, Combustible 
6 Iron Foundry, Fire clay 12.8% AFS Clay 4.8 
61.6 AFS No. 6.6% Combustible 
7 67.9 AFS Silica* Fire clay, 10% 3.4 
15% 4.5 
*Sieve No. 40— 1.6% retained. 
50 — 14.7 
70 — $1.7 
100 — 31.4 
140 — 15.1 
200— 4.4 
pan— 0.9 





their maximum hot strengths at different temperature, 
as pointed out previously. 

The effects of additives have also been considered. 
References?.16 suggest that hot strength is lowered 
at all temperatures by organic additive such as 
cereal, seacoal, wood flour, etc. 

The foregoing observations pertain to sand spec- 
imens heated slowly and held at a soaking temper- 
ature prior to testing. Rapid heating has also been 
employed and its advantages cited. Testing after 
holding at temperature permits an approach to 
equilibrium, and this is the purpose of such studies 
and also of this investigation. The aims of the other 
technique will not be contested here, but they are 
not the purpose of this study. 


EXPERIMENTAL PROCEDURE 

Sand mixtures were prepared in a vertical wheel 
laboratory muller using 4500 gram batches. The 
mixtures were dry mulled 2 min and mulled 10 
min after adding the water. Moisture in the mix- 
tures was intended to be in the range of +10 to 30 
per cent free water according to the calculation 
method of reference 18. The mixtures listed in Table 
1 were prepared and tested for high temperature 
properties. The base sand consisted of 68-70 AFS 
silica sand. The clay content and type was varied 
as shown in the table. All sand was put through a 
No. 6 sieve after mixing. Standard AFS specimens 
114-in. diameter X 2 in. length were prepared. 

In addition, approximately 60 specimens from each 
batch were made varying in green mold hardness 
from 60 to 95, and in specimen bulk density from 
about 75 to 100 Ib/cu ft. Low mold hardness spec- 
imens were prepared using a special rammer having 
a 1.69 lb weight dropped from a height of 3%-in. The 
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number of rams with this weight was generally about 
30, 11 and 1; the objective being to prepare spec- 
imens of approximately 60, 70 and 80-85 mold hard- 
ness. Average mold hardness was obtained from one 
reading on each end of the specimen. The remain- 
ing sand was used to determine green and dry prop- 
erties of the mixture in order to compare them with 
similar mixtures previously studied and tested. 

Hot compressive strengths of the specimens were 
determined in a dilatometer type furnace. Tests were 
conducted on green specimens using an own-atmos- 
phere hood. A number of tests made with pre-dried 
specimens indicated no effect of predrying. A soaking 
time (time lapse between introduction of specimen 
and turning on of loading pump) of 12 min was 
used. Pump loading rate was adjusted so that the time 
lag between the time the pump was turned on and 
the time the load was first applied to the specimen 
was one min and 20 sec +5. The total specimen 
heating time before loading took place was then ap- 
proximately 1314-min. 

Most tests were conducted at 500, 1000, 1500 and 
2000 F. Intermediate temperatures were also used 
where it was deemed desirable. These temperatures 
may be seen as points of data on the graphs. At 
least two samples were tested for each point of data 
shown on the graphs. The data are presented graph- 
ically in Figs. 2 through 7. The hot compressive 
strength at the temperature where the maximum oc- 
curs, about 1750 F for bentonite and 2000 to 2200 F 
for fireclay, was not determined except in a few cases. 
The difficulty of obtaining the exact maximum and 
the fact that many of the standard specimens had a 
strength in excess of the capacity of the machine 
(1000 Ib load) caused the authors to avoid testing 
in the maximum strength temperature range. 

Breakage of the specimen hood from overloading 
also occurred. Testing at a number of temperatures 
above those of maximum strength was also avoided 
because plasticity caused plastic bulging under load to 
the point where the specimens became stuck in the 
hood. The temperature of 2000 F was selected as a 
testing temperature because it is above that of maxi- 
mum strength, but does not permit sufficient bulging 
of the sample to destroy the own-atmosphere hood. 


RAMMING EFFECTS 


A green mold hardness range of 60 to 95 and speci- 
men bulk density range of about 70 to 105 Ib/cu ft 
was obtained from variation in ramming by the meth- 
ods described earlier. Hot compressive strength at 500, 
1000, 1500 and 2000 F is related to green mold hard- 
ness of various western bentonite, southern bento- 
nite and fireclay bonded mixtures, as shown in Figs. 
2, 3 and 4, respectively. Figures 5, 6 and 7 show the 
relation of hot compressive strength to bulk density 
for the same mixtures. The mixtures tested are those 
listed in Table 1, and indicated by clay content and 
type on the respective graphs, Figs. 2-7. 

The range of ramming energies used to produce 
the. mold hardness and density ranges varied from 
one ram with a 1.69 Ib weight dropped %%-in. for the 
minimum, to 3 to 5 rams of the 7 Ib weight dropped 
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25%-in. for the maximum. The graphs show that at 
all clay contents and temperatures of testing, hot com- 
pressive strengths increase rapidly with increasing 
mold hardness and bulk density (in other words with 
increasing ramming). The increment of increase in 
hot strength at 500, 1000 and 1500F caused by in- 
creasing ramming is greater when mold hardness ex- 
ceeds 80 to 85 Ib/cu ft, and bulk density exceeds about 
85 to 90 lb/cu ft, than it is at lower levels of hardness 
and density. 

Ramming to low mold hardness of 60 to 70, and 
low bulk density of 70-80 Ib/cu ft causes all hot com- 
pressive strength values to be low at all clay contents. 
At 2000 F, where clay fusion is dominant, hot strength 
increases rapidly and uniformly with increasing mold 
hardness and bulk density in all the mixtures. 

The combined effects of ramming and tempera- 
ture of testing can also be observed on Figs. 2 through 
7. The effect of temperature can be better observed 
on Figs. 8 and 9, however, and these will be discussed 
later. 

Comparison of Figs. 5, 6 and 7, with 2, 3 and 4, 
indicates that hot compressive strength increases more 
gradually with increasing bulk density than with mold 
hardness. A unit increase in mold hardness is accom- 
panied by a larger increase in strength than a unit 
increase in bulk density. The green mold hardness 
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Fig. 5— Hot compressive strength — density relation- 
ship for sands containing 4, 6 and 8 per cent southern 
bentonite. 
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test should then be a sensitive indirect measurement 
of hot compressive strength of a particular sand. This 
point is emphasized again in Figs. 8 and 9 for west- 
ern bentonite bonded sands. Similar graphs were 
produced for the other clay bonds, but they will not 
be shown here. In these figures, mold hardness of 
the specimen is fixed at 80 in Fig. 8 and 90 in Fig. 
9. The effect of temperature on hot compressive 
strength at constant mold hardness is shown in these 
figures. 

Little increase in hot strength and no decrease oc- 
curs with increasing testing temperature until a tem- 
perature of 1000F is exceeded. An increase in hot 
strength occurs between 1000 and 1500 F. The increase 
is larger in fireclay bonded sands and smaller in 
bentonite bonded sands, as seen on Figs. 8 and 9. 
Above 1500F and below 2000F in the bentonite 
bonded sands tested, maximum hot strength occurs. 
This maximum strength was not determined for rea- 
sons of equipment limitations cited earlier. The tem- 
perature range of maximum strength is indicated as a 
discontinuity in the curves on Figs. 8 and 9. At 2000 F, 
hot strength is seen to be above that at 1500F for 
western bentonite even though this is in the temper- 
ature range of decreasing strength due to clay fusion. 

The foregoing effect of temperatue on hot compres- 
sive strength is based on comparisons at constant mold 
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Fig. 6 — Hot compressive strength — density relation- 
ship for sands containing 3, 6 and 8 per cent western 
bentonite. 
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Fig. 7 — Hot compressive strength — density relation- 
ship for sands containing 10 and 15 per cent fire clay. 


hardness. However, it should be recognized that low 
clay content sands ram to a lower mold hardness then 
do higher clay content sands at a constant ramming 
energy. The effects of testing temperature and ram- 
ming energy therefore must also be interpreted in the 
light of the effect of clay content at constant ram- 
ming energy as well as variable ramming energy. 


CLAY CONTENT AND TYPE EFFECT 


Examination of Figs. 2 through 4 shows that in 
every case the sand mixtures with lowest clay content 
had the highest hot compressive strength at a given 
mold hardness and temperature. This seems con- 
trary to previous reports. However, the effect of 
clay content on hot strength depends on its effect 
on response to ramming (mold hardness and density 
achieved) as well as its bonding ability. At constant 
ramming energy, increasing mold hardness occurs 
with increasing clay content up to a limit. For ex- 
ample, Figs. 2 and 3 points of equal ramming energy, 
one 7-lb ram dropped 25%-in., have been connected 
by a dotted line. 

At this constant ramming energy, mold hardness 
is seen to increase with increase in southern bento- 
nite from 4 to 6 to 8 per cent, and western bentonite 
from 3 to 6 to 8 per cent. However, hot compressive 
strength is seen to first increase with clay content and 
then decrease with clay content. There is then at any 


temperature, an optimum clay content for maximum 
hot compressive strength in bentonite bonded sands 
when the ramming energy is held constant. This is 
most analogous to foundry operation in which the 
number of jolts and squeeze pressure (ramming con- 
ditions) are usually held constant within limits. 

This is further demonstrated in Fig. 10 where the 
1500 F hot compressive strength of one 7-lb—25,-in. 
ram sample of western bentonite bonded sand is 
shown as a function of clay content. The optimum 
western bentonite percentage for maximum hot com- 
pressive strength appears to be about 6 per cent at 
all temperatures tested. This is true when the com- 
parison is made at constant density as well as con- 
stant ramming energy. Fire clay bonded mixtures 
display a different effect of clay content on hot 
strength than does western bentonite, as shown in 
Fig. 10. Hot strength increases with increasing clay 
content at constant ramming energy until a maxi- 
mum is reached which is comparable to the hot 
strength of the clay itself. 


Hot Compressive Strength Decrease 

If the effect of clay content is considered at con- 
stant mold hardness rather than constant ramming 
energy, the relationships shown in Fig. 11 exist. 
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Fig. 10 — Relationship of hot compressive strength to 
per cent clay for western bentonite and fire clay sands 
at constant remming energy of one and 3-7 Ib — 2%-in. 
rams. A comparison at constant bulk density is also 
shown for western bentonite. Temperature equals 
1500 F. 


Here hot compressive strength decreases continually 
with increasing clay in the range of 3 to 8 per cent 
bentonite at a constant mold hardness of 80. The 
mold hardness of 80 was selected for comparison 
because of the high ramming energy required to 
reach 80 or higher in sands containing as little as 
3.0 per cent bentonite as shown in Table 2. 


TABLE 2— RAMMING REQUIRED TO REACH 
80 MOLD HARDNESS 








No. of No. of 
7 Ib— 1.69 Ib — 
Spec. Wt., 25%-in. %%-in. 
Clay, % H,0, % gm. rams rams 
1.0 W. Bent. 2.1 50.0 80 M.H. not 
reached with 3 
3.0 W. Bent. 1.9-2.1 50.5 1-3 Over 50 


6.0 W. Bent. 2.6-2.9 46-47 Not needed 35-40 
8.0 W. Bent. 2.9-3.2 45.0-45.5 Not needed 18-23 





An optimum clay content which produces maxi- 
mum hot compressive strength thus does not appear 
on Fig. 11, and instead it appears that hot strength 
decreases continually with increasing clay content at 
constant mold hardness. However, it must be real- 
ized that a low clay content sand is rammed to a 
higher density at 80 mold hardness than is a high 
clay content sand, as shown by specimen weight in 
Table 2, because of the greater ramming energy re- 
quired to produce 80 mold hardness at the lower 
clay content. This was pointed out previously in 
Fig. 10, where it was shown that at equal density 
(96 lb/cu ft), produced by ramming the high clay 
content sand harder, the optimum clay content still 
exists at about 6 per cent western bentonite. 

The foregoing data show that hot strength test 
results must be carefully interpreted in terms of ram- 
ming energy, clay content and mold hardness. When 
the ramming energy and density are held constant, 
there is a bentonite content for maximum hot 
strength. In the foundry, ramming energy is held 
constant by a fixed number of jolts and squeeze 
pressure or other molding method. Higher mold 
hardness achieved by an increase in clay content at 
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fixed ramming energy will be accompanied by an 
increase in hot strength until the optimum clay con- 
tent is reached. 

Beyond the optimum, further increase in mold 
hardness caused by increased clay content at constant 
ramming energy will cause a decrease in hot strength. 
If comparisons are made at constant mold hardness, 
then the difference in ramming energy (and density) 
required to reach a given mold hardness must be 
considered. Mold hardness comparisons without 
these considerations are not valid. The effect of mois- 
ture content in changing response to ramming is a 
further qualification since this work was done with 
moisture controlled, as previously stated, to produce 
favorable response to ramming. 

However, for a particular sand mixture, including 
its moisture, increasing mold hardness still means 
rapidly increasing hot strength due to increasing den- 
sity caused by greater ramming. 


Clay Testing 
The reason for differences in the effect of clay type 
on hot strength under constant ramming energy is ex- 
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Fig. 11— Clay content effect on hot compressive 
strength at 1500 F when specimens of constant 80 
mold hardness are tested. 
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Fig. 12 — Hot compressive strength — temperature re- 
lationship for three-ram specimens of clay-water mix- 
tures. 


plained by testing the clay itself in the absence of 
sand. Batches of clay and water composed of 86.2 
per cent southern bentonite—13.8 per cent H,O, 86.9 
per cent western bentonite—13.1 per cent H,O, and 
90.1 per cent fire clay—9.9 per cent water were pre- 
pared and tested, with results shown in Fig. 12. The 
standard 3 rams AFS hot strength specimen was used. 
The fire clay specimens weighed 60 grams, the western 
bentonite weighed 49 grams and the southern ben- 
tonite 46 grams. Fig. 12 shows fire clay displays a 
continual increase in hot strength with increasing 
temperature. 
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Tests could not be made above 1600F with fire 
clay, as the specimens exceeded the load limit of the 
testing machine. The bentonites behave quite differ- 
ently than fire clay. They appear weaker although 
the difference in density causes some of the lower 
strength. Little increase in hot strength occurred in 
the bentonite until a temperature above 1500 F was 
reached. Here plasticity during testing appeared, and 
a large increase in strength occurred. Temperatures 
over 1900 F were not used, for reasons cited earlier. 

The behavior of the clays then agrees with the be- 
havior of the sand-clay mixture. Bentonite and mix 
tures show little change from dry strength properties 
from 212F up to about 1500F. Plasticity begins at 
about 1600 F (perhaps slightly at 1400 F in sand-clay 
water mixtures!.2). A peak strength is reached at 
1600 to 1800 F because of a combination of mechan- 
ical interlocking of sand grains and the viscous clay 
fusion bond. Higher temperatures, especially above 
2000 F, cause diminishing strength due to increased 
fusion. Fire clay, however, displays a different be- 
havior. A continual increase in strength is observed 
with increasing temperature until plasticity develops 
at about 2000 F to 2200 F. A decrease in hot strength 
then occurs. Thus it is evident that sand mixtures 
based on these clays display hot strength character- 
istics derived from the clay itself. 


HOT STRENGTH OF FOUNDRY SANDS 


The hot compressive strength of some gray iron 
foundry sands were studied for comparison with the 
simple sand-clay-water mixtures. Sands bonded with 
a single clay, fire clay, western or southern bentonite, 
were selected to avoid the effects of multiple clay 
bonds. However, these sands all contained carbona- 
ceous matter from various additives in the amount 
listed in Table 1. The graphs of hot compressive 
strength at 500, 1000, 1500, 2000 F vs. green mold 
hardness are shown in Figs. 13-15. Obviously, the car- 
bonaceous matter had had a tremendous effect on 
reducing hot compressive strength, especially at 1500 
and 2000 F. 

Further, little plasticity was noted at 2000 F even 
in the bentonite bonded sands. Also, the differences 
expected from the three types of clay bond do not 
appear in the curves. Either fusion was prevented 


Fig. 13 — Hot compressive strength— mold hardness 
relationship for an actual foundry molding sand bonded 
with fire clay. 








from establishing a viscous clay bond by the carbon 
present, or the entire process was delayed longer than 
the soaking time used for testing, 13 min and 20 sec 
total. This soaking time did not cause burning out or 
volatilization of the carbonaceous matter in the own- 
atmosphere method of testing used. The large re- 
duction in hot strength evident in comparisons of the 
foundry sands with the new sand mixtures requires 
research into the effects of additives. The references 
in the review of past work provide some informa- 
tion on the subject, but only in a limited number of 
mixtures. 


SUMMARY 


The authors have shown that increased ramming 
can raise hot compressive strength of any sand mix- 
ture by about 4 to 10 times, depending on temper- 
ature of testing as mold hardness increased from 60 
to 90 or above. When the ramming energy is held 
constant, maximum hot compressive strength is 
reached at about 6 per cent western or southern 
bentonite. Below these percentages, hot compressive 
strength increases with increasing bentonite content. 
Above the same percentages, increasing bentonite con- 
tent lowers hot compressive strength. Fire clay does 
not display an optimum clay content for maximum 
hot compressive strength as do the bentonites. Instead, 
hot compressive strength increases continually with in- 
creasing fire clay content until the maximum hot 
compressive strength characteristic of fire clay itself 
is reached. 

Iron foundry sands containing carbonaceous addi- 
tives have much lower hot strength than equivalent 
simple sand-clay mixtures. The role of additives re- 
quires further study. The actual hot compressive 
strength necessary for producing castings of various 
sizes remains to be determined. 
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Fig. 14— Hot compressive strength— mold hardness 
relationship for an actual foundry molding sand bonded 
with western bentonite. 
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Fig. 15 — Hot compressive strength— mold hardness 
relationship for an actual foundry molding sand bonded 
with southern bentonite. 
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ABSTRACT 


This second annual progress report, under the direc- 
tion of the AFS Malleable Div., and sponsored by the 
AFS Training & Research Institute, summarizes re- 
search aimed at producing heavy section iron castings 
without mottling or primary graphitization during 
freezing, while having sufficient graphitizing tendency 
in the solid state so it may be malleablized by heat 
treatment. This report presents further research on the 
effect of various additions on mottling tendency of the 
4x4x8 in. casting, the 1%-in. diameter bar and the 
1%-in. diameter bar. Some of the additions used are 
bismuth, tellurium, thaliium, indium and zinc. 


INTRODUCTION 


This report summarizes results of research work 
aimed at producing heavy section castings from an 
iron of such composition and/or melting practice 
that mottling or primary graphitization will not 
occur during the freezing of the casting, and that 
has sufficient graphitizing tendency in the solid state 
so that it may be malleablized by a commercially 
feasible heat treatment. This is the second annual 
progress report presented on this project sponsored 
at University of Wisconsin by the AFS Training & 
Research Institute under the direction of the AFS 
Malleable Div. 

The previous report! presented: 


1) A literature survey of the problem, including a 
discussion of the various criteria, relating chem- 
ical composition and section size to mottling tend- 
ency. 

2) The experimental procedure which was followed, 
including the melting and casting procedure, the 
furnace atmosphere used during melting and the 
method of making additions to the melt. 

3) The results of the experimental work, including 
the establishment of a base line representing the 
maximum carbon and silicon contents which will 
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permit a white fracture in the 4x 4x8 in. casting 
under the specified procedure. The effect of bis- 
muth additions on this base line was also pre- 
sented. 


This report will present an extension of the work 
on the effect of various additions on the mottling 
tendency of the 4x 4x8 in. casting, the 174-in. diam- 
eter bar and the 13-in. diameter bar. 


ADDITIONS AND THEIR EFFECTS 


Carbon and Silicon Effect 

The effect of carbon and silicon on the moittling 
tendency of a 4x 4x8 in. casting, a 174-in. diameter 
bar and a 13%%-in. diameter bar is shown in Figs. 
1, 2 and 3, respectively. Data for these curves are 
presented in Table 1. 

Figure 1 presents the maximum carbon and sili- 
con content which will produce a 100 per cent 
visually white fracture, and the minimum carbon 
and silicon content which will produce a visually 
fully gray fracture in the 4x4x8 in. casting when 
melted under conditions standardized for this work. 
Also presented in Fig. 1, is the line representing 
the commonly accepted value of the maximum sol- 
ubility of carbon in austenite alloyed with silicon. 
As the silicon content increases, the per cent of 
carbon separating white from gray fractures de- 
creases. When a silicon percentage of about 2.5 is 
reached, the mottled zone between gray and white 
fractures becomes minimized. A small increase in 
carbon content across the curve, in the area of 
greater than 2.5 per cent silicon, results in a change 
from a_ 100 per cent white to a fully gray fracture 
in the 4x 4x 8 in. casting. 

Both the white and gray “base line” curves ap- 
pear to be asymptotic to the curve representing the 
maximum solubility of carbon in austenite alloyed 
with silicon. 

Figure 2 presents the maximum carbon and sil- 
icon content which will produce a 100 per cent 
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visually white fracture (white base line) for the 
17%-in. diameter x 9 in. long bar. As is to be 
expected, higher carbon and silicon contents may 
be used: to obtain a fully white fracture in the 
174-in. diameter bar than in the 4x 4x 8 in. casting. 
The white base line for the 17%-in. diameter bar 
also appears to be asymptotic to the curve of maxi- 
mum solubility of carbon in austenite alloyed with 
silicon. 

The effect of carbon and silicon content on the 
mottling tendency of the 13%-in. diameter x 6 in. 
long bar is shown in Fig. 3. The curve shown 
represents the maximum carbon and silicon percent- 
ages which produced fully white fractures in the 
134-in. diameter bar, and coincides with the white 
base line curve for the 17%-in. diameter bar. How- 
ever, two instances of white fractures were also ob- 
tained at higher carbon and silicon contents, as 
noted in Fig. 3. 


Bismuth Additions Effect 


The effect of a 0.01 per cent bismuth addition 
at a metal temperature of 2750 F on the white base 
line curve for the 4x 4x 8 in. casting and the 174-in. 
diameter bar is presented in Figs. 4 and 5, respec- 
tively. The data for these curves are presented in 
Table 2. The carbon and silicon contents used in 
this work were not high enough to obtain sufficient 
mottling data for evaluation of the 13,-in. diam- 
eter bar. The effect of this bismuth addition is 
greater at low silicon contents for both the 4x4x8 
in. casting and the 17%-in. diameter bar. Beyond 
about 2.4 per cent silicon, the 0.01 per cent bismuth 
addition has little effect on the ability to obtain 
a fully white fracture in either the 4x 4x8 in. cast- 
ing or the 174-in. diameter bar. 


The effect of bismuth additions other than 0.01 
per cent on the fractures obtained are presented 
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Fig. 2 — Carbon and silicon content ef- 
fect on the mottling tendency of the 
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in Figs. 6 and 7 for the 4x4x8 in. casting and 
the 17%-in. diameter bar, respectively. Data for 
these curves are presented in Table 3. Bismuth 
additions greater than 0.01 per cent are noted to 
have no effect on either raising or lowering the 
white base line curve for both the 4x 4x 8 in. cast- 
ing and the 174-in. diameter bar. However, as the 


TABLE 1— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — NO 
ADDITIONS MADE 


Fracture Results? 





Chemical Analysis! 











Heat 4x4x8in. 17%-in. 134-in. 

No. cC,% Si, % Casting D. Bar D. Bar 
1 2.50* 1.09* G HM - 
2 2.50° 1.32° M LM = 
8 2.39* 1.40* G M M 
ll 2.44° 1.07* LM WwW Ww 
12 2.54° 1.05* M LM LM 
13 2.20° 1.41* G M M 
14 212° 1.21° M Ww Ww 
15 1.85 0.86 Ww Ww Ww 
16 2.34° 0.95* M Ww Ww 
17 2.05* 0.82* Ww Ww Ww 
18 2.10 0.86 M Ww Ww 
19 1.90* 1.12* LM Ww Ww 
20 2.00 1.15 M Ww Ww 
21 1.85* 1.40* LM WwW Ww 
22 2.94° 0.30* M Ww Ww 
23 2.60* 0.30* WwW Ww WwW 
24 1.66* 3.85* G HM HM 
25 3.03* 0.25* LM Ww Ww 
26 1.26* 3.86* Ww Ww Ww 
27 ,/ $a? 3.55* Ww Ww Ww 
28 1.63 2.00 HM — ~ 
29 1.45* 3.96* HM HM HM 
30 2.60* 0.26* Ww - Ww 
$1 2.92° 0.27* Ww Ww _ 
54 2.11 1.65 G M LM 
55 2.20° 1.70* G M Ww 
81 1.87* 1.28* Ww Ww Ww 
82 1.76* 2.14 HM LM LM 
83 1.72° 2.20° G G G 
A5 2.60 0.99 G — LM 
A53 2.40 1.40 LM LM LM 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses were obtained. 

2. G—gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 





bismuth addition was increased above 0.01 per cent, 
dark spots appeared in what should have been a 
white fracture. 

As the size of the bismuth addition was increased 
up to 0.345 per cent, these holes became larger. 
Metallographic examination revealed these spots to 
be gas and/or shrinkage cavities. Gas cavities may 
be expected from high bismuth additions since the 
excess is evolved as a vapor, the boiling point 
of bismuth being 2642 F.? 

The effect of bismuth additions of less than 0.01 
per cent is also presented in Figs. 6 and 7. Data 
for these points are presented in Table 3. In heat 
Al4, 2.10 per cent C and 1.40 per cent Si, a fully 
white fracture in the 4x 4x8 in. casting is obtained 
with the addition of 0.005 per cent Bi. At a similar 
composition, heat A89 was lightly mottled with the 
addition of 0.004 per cent Bi. The same effect was 
obtained in the 174-in. diameter bar. In this com- 
position range, a bismuth addition of 0.005 per cent 
is as effective as a bismuth addition of 0.01 per cent 
insofar as obtaining a white fracture is concerned. 


Addition Temperature Effect 

Table 3 presents those heats to which bismuth was 
added at temperatures differing from the normal pro- 
cedure. A reference! cites that when bismuth was 
added to the melt at 2600 F and the castings poured 
at 2600 F, the effect on the mottling tendency was 
the same as if bismuth had not been added at all. 
The standard procedure is to add bismuth at 2750 F 
and pour at 2700 F. When bismuth additions were 
made at 2750 F, a considerable amount of fuming was 
evident. On the other hand, the addition of bismuth 
of 2600 F was accompanied by no evolution of fumes. 
This is again related to the 2642 F boiling point of 
bismuth. 


Bismuth Compounds Effect 

The effect of adding bismuth in the form of bis- 
muth compounds was also studied. Table 12 shows 
data obtained when bismuth was added as Bi,O, 
(heat 80), BiCl,*2H,O (heat A36), BiOC] (heat A51) 
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Fig. 4— Effect of 0.01 per cent bis- + BASE LINE. 0.01% Bi ADDED 
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Fig. 5— Effect of 0.01 per cent bis- 
muth added on the base curve or max- 
imum carbon and silicon percentages 
which will yield a fully white fracture 
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Fig. 6 — Miscellaneous bismuth addi- 
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and Bi(NO,)3*5H,O (heat A52). In all four in- 
stances the results obtained were comparable to those 
obtained with the 0.01 per cent bismuth additions. 
Due to there being no really effective method of an- 
alyzing for small quantities of bismuth, the effect of 
adding bismuth in the form of bismuth compounds on 
the recovery could not be determined. 


Water Vapor Effect 

The effect of an addition of 12 grains of water 
vapor/cu ft of gas over the melt in the furnace on 
the mottling tendency of the 4x 4x8 in. casting and 
the 17%-in. diameter bar is shown in Figs. 8 and 9, 
respectively. The data for these curves are presented 
in Table 4. 

Comparison of Figs. 4 (0.01 per cent Bi added) and 
8 (12 grains water vapor) shows that 12 grains of 
water vapor is not as effective as an addition of 0.01 
per cent bismuth in raising the base line for the 
4x 4x8 in. casting, especially for irons of lower sili- 
con content. 


TABLE 2— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — 0.01 
PER CENT BISMUTH ADDED 


Fracture Results2 





Chemical Analysis! 











Heat 4x4x8 in. 17%-in. 13%-in. 

No. C,% Si,% Casting D. Bar D. Bar 
8 2.50* 1.33* M Ww Ww 
6 2.42° 1.39* M Ww Ww 
33 1.88* 2.00* M M — 
34 2.18* 1.41* WwW Ww Ww 
35 * 2.50° 1.03* M WwW Ww 
36 1.94* 1.82° Ww Ww WwW 
37 2.11 1.30 Ww WwW WwW 
38 2.50 0.70 WwW Ww Ww 
39 1.83* 1.89* Ww Ww Ww 
40 2.18* 1.57* LM Ww Ww 
41 2.55* 0.82* Ww Ww Ww 
60 2.11 1.65 Ww - Ww 
66 2.24 1.66* Ww Ww Ww 
84 2.30 1.65 HM HM LM 
A83 2.51 1.32 LM WwW Ww 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses have been obtained. 

2. G— gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 


4.0 


For the 17%-in. diameter bar (Fig. 9) the effect 
of the water vapor addition is that water vapor is less 
effective in moving the base line at lower silicon con- 
tents than at higher silicon contents. 

Data showing the effect of 25 grains of water va- 
por/cu ft of gas in the atmosphere over the melt on 
the mottling tendency of the 4x 4x 8 in. casting and 
the 17%-in. diameter bar are presented in Table 5 
and plotted in Figs. 8 and 9, respectively. The in- 
crease in water vapor addition from 12 to 25 grains 
cu ft does not appreciably alter the position of the 
base line. 


TABLE 3— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED—MISCELLANEOUS 
BISMUTH ADDITIONS 





Chemical Analysis! Fracture Results2 








Heat Bi 4x4x8 in. 17%-in. 1%%-in. 
No. C, % Si,% Added,% Casting D.Bar D. Bar 
4 2.40* 1.30* 0.02 M WwW Ww 
5 2.36* 1.28* 0.05 M Ww WwW 
7 2.40* 1.49* 0.10 M — Ww 
93 2.34* 1.42* 0.01 M M M 
108 2.41* 1.41* 0.10 HM Ww WwW 
42 2.11 1.65 0.05 LM Ww - 
52 2.34° 1.68* 0.05 M Ww Ww 
674 2.30 1.65 0.01 G G _ 
684 2.58 1.65 0.05 G G M 
69 2.58 1.65 0.05 M - - 
704 2.58 1.65 0.05 G — — 
855 2.30* 1.67* 0.01 LM Ww Ww 
Al3 2.10 1.40 0.05 WwW = WwW 
Al4 2.10 1.40 0.005 Ww — 
Al6 2.12* 152° 0.0025 LM = 
Al8 2.10* 1.43* 0.10 WwW - - 
A59 2.10 1.40 0.20 WwW Ww WwW 
A61 2.10 1.40 0.345 WwW Ww Ww 
A88 2.51 0.89 0.004 LM LM WwW 
A89 2.17 1.42 0.004 LM Ww WwW 
A92 1.92 1.80 0.004 HM LM Ww 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses have been obtained. 


2. G—gray; HM —heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 

3. Bismuth added at 2700 F, poured at 2680 F. 

4. Bismuth added at 2600 F, poured at 2600 F. 

5. Bismuth added at 2700 F, poured at 2600 F. 
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Fig. 8 — Water vapor additions to the 
atmosphere over the melt effect on the 
maximum carbon and silicon percentages 
which will yield a fully white fracture in 
the 4x4x8 in. casting. 
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Tellurium Additions Effect 

Base lines showing the mottling tendency of the 
4x 4x8 in. casting when 0.01 per cent tellurium is 
added according to the prescribed procedure are pre- 
sented in Fig. 10. The data for these curves are pre- 
sented in Table 6. The shift in the base curve rep- 
resenting maximum carbon and silicon contents that 
will produce a fully white fracture is greater for the 
0.01 per cent tellurium additions than for any of the 
additions studied to date. An estimated curve repre- 
senting the effect of 0.01 per cent tellurium additions 
on the gray base line is also presented. As with the 
bismuth and water vapor additions, the effect is 
greater at lower silicon contents. 

Figure 11 presents the base line curve for the ef- 
fect of the addition of 0.01 per cent tellurium on 
the mottling tendency of the 174-in. diameter bar. 
The data for this curve are also presented in Table 6. 

Figures 12 and 13 present the effect of additions of 


TABLE 4— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — 12 GRAINS 
WATER VAPOR ADDED/CU FT OF GAS 
IN ATMOSPHERE OVER THE MELT 





Chemical Analysis! Fracture Results? 


Heat 4x4x8in. 17%%-in. 134-in. 











No. C.% Si, % Casting D. Bar D. Bar 

43 2.10* 1.63* M Ww WwW 
A40 2.10 1.55 LM Ww Ww 
A4l 2.50 1.00 M LM Ww 
A42 1.88* 1.98* Ww Ww Ww 
A48 2.12* 1.49* M LM Ww 
A44 2.82° 0.99* LM LM Ww 
A45 1.82* 2.15° LM Ww Ww 
A46 2.12* 1.36* WwW Ww Ww 
A47 2.46* 0.86* LM LM Ww 
A54 2.30* 0.84* Ww Ww Ww 
A58 1.76* 2.27° LM Ww WwW 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses were obtained. 

2. G—gray; HM —heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 
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rABLE 5— CHEMICAL ANALYSIS AND FRACTURE TABLE 6— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — 25 GRAINS RESULTS OF HEATS POURED — 0.01 
WATER VAPOR ADDED/CU FT OF GAS PER CENT TELLURIUM ADDED 
IN ATMOSPHERE OVER THE MELT ~ ; on ~~ re 
Chemical Analysis! Fracture Results2 
Chemical Analysis! Fracture Results2 Heat {x4x8 in. 174-in. 134-in. 
Heat 4x4x8in. 17%-in. 134-in. No. Cc,% Si, % Casting D. Bar D. Bar 
No. Cc,% Si, % Casting D. Bar D. Bar 65 2.19* 161* WwW w Ww 
17 2.14* 1.40* WwW Ww Ww 86 2.82* 1.75* G HM - 
\64 2.42° 0.95* HM LM Ww 87 2.25 2.25 G LM 
465 2.14* 1.65* HM LM LM 88 1.75 2.50 Ww Ww WwW 
A66 1.82 2.15 Ww Ww Ww 89 2.02° 2.61* LM WwW Ww 
; . , ‘ 90 2.25 2.00 HM LM Ww 
i. Estimated chemical analyses unless marked with an asterisk 9] 9 8h* 1.56* G M r 
(*), for which actual chemical analyses were obtained. 93 9.99* 0.98" Ww rs 
2. G—gray; HM— heavily mottled, almost gray; M — mottled; 94 1.94* 2 .53* Ww Ww Ww 
LM — lightly mottled; W — 100 per cent white. 95 2.68 1.30 HM Ww Ww 
96 2.46* 1.75* LM Ww W 
z , 97 2.73* 1.17* LM W Ww 
tellurium of other than 0.01 per cent on the mottling 98 2 36* 1.85* HM Ww Ww 
tendency of the 4 x 4 x 8 in. casting and the 17-in. A6 2.77 0.99 Ww Ww WwW 
, . ‘ A7 957 y 7 ’ 
diameter bar, respectively. The data for these curves = rd oon > Me he 
are presented in Table 7. Heat A86 (2.18 per cent C AQ 168* 3 38° Ww Ww Ww 
and 1.59 per cent Si) was white in both the 4 x 4 x 8 A69 2.56* 1.69* M Ww 
in. casting and the 174-in. diameter bar with the 1. Estimated chemical analyses unless marked with an asterisk 
addition of 0.004 per cent Te. Heat Al5 of similar (*), for which actual chemical analyses were obtained. 


2. G— gray; HM — heavily mottled, almost gray; M — mottled; 


composition was lightly mottled in the 4 x 4 x 8 in. 
, LM — lightly mottled; W — 100 per cent white. 


casting with an addition of 0.0027 per cent Te. In 
this composition range, it appears that a tellurium 














addition of 0.004 per cent is as effective as a tellurium TABLE 7— CHEMICAL ANALYSIS AND FRACTURE 
addition of 0.01 per cent in obtaining a white frac- RESULTS OF HEATS POURED—MISCELLANEOUS 
ture in the 4x 4x 8 in. casting. Additions of tellurium TELLURIUM ADDED 
greater than 0.01 per cent were not effective in alter- Chemical Analysis! Fracture Results? 
ing the base line obtained from a 0.01 per cent Heat Te #x4x8 in. 174-in. 13%-in. 
tellurium addition. No. C, % Si,% Added, % Casting D.Bar D. Bar 
51 2.11 1.65 0.05 WwW Ww Ww 
Thallium Additions Effect Al5 2.08*  1.62* 0.0027 LM - Ww 
. i , . Al7 2.10 1.50 0.0014 G a 
The chemical analyses and fracture results of heats A19 210 1.50 0.137 W ue Ww 
poured containing thallium additions are presented A85 2.86 0.99 0.004 LM Ww W 
in Table 8. The effect of 0.009 to 0.01 per cent thal- a oan = one “i nd - 
; : : “ : Le as 3 : ie A87 A 2.52 ).00- I V N 
lium added on the mottling tendency of the 4x 4 x 8 A93 9 68 162 0.10 M Ww Ww 
in. casting is shown in Fig. 14, and of the 17,-in. A97 2.78 0.96 0.002 M - 
diameter bar is shown in Fig. 15. ; ts 1. Estimated chemical analyses unless marked with an asterisk 
A base line has not been drawn in Fig. 14 for the (*), for which actual chemical analyses were obtained. 
4x4x8 in. casting, since the location of the white- 2. G— gray; HM — heavily mottled, almost gray; M — mottled; 


mottled line is indefinite. However, the data for the LM — lightly mottled; W — 100 per cent white. 
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TABLE 8—-CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED— 
THALLIUM ADDITIONS 





Chemical Analysis! Fracture Results2 








Heat Tl 4x4x8 in. 17%-in. 134-in. 
No. C, % Si,% Added,% Casting D.Bar OD. Bar 
78 2.11 1.65 0.009 HM Ww - 
99 2.77 1.01 0.009 M LM - 

A 1.98 2.03 0.01 HM WwW Ww 
Al 2.10 1.50 0.009 HM WwW WwW 
A2 2.50 1.01 0.01 HM LM ~ 
A3 1.93* 1.55* 0.009 WwW Ww i 
A4 2° 1.01* 0.009 LM Ww Ww 

A20 2.10 1.40 0.0025 HM LM Ww 

A2l 2.10 1.40 0.005 HM LM WwW 

A22 2.10 1.40 0.01 HM LM Ww 

A23 2.10 1.40 0.05 HM LM WwW 

A33 2.70 1.01 0.009 G HM M 

A34 2.10 1.25 0.009 LM Ww Ww 

A603 2.16* 1.43* 0.01 LM Ww Ww 

A723 2.11 1.65 0.01 G M LM 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses were obtained. 

2. G— gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 

8. Thallium added at 2675 F, poured at 2625 F. 





17%%-in. diameter bar (plotted in Fig. 15) allow a 
base line to be approxiniated. 


The effect of variation in the amount of thallium 
added on the base line is shown from the results of 
four heats in Table 7. Varying the amount of thal- 
lium; 0.0025 per cent (heat A20), -0.005 per cent 
(heat A21), 0.01 per cent (heat A22) and 0.05 per 
cent (heat A23); in a 2.10 per cent C, 1.40 per cent 
Si iron did not appreciably change the fracture ob- 
tained. In all of these instances the 4x 4x 8 in. cast- 
ing had a heavily mottled fracture. 


A definite effect-due to temperature of addition 
was noted, however. When 0.01 per cent thallium was 
added to a 2.16 per cent C, 1.43 per cent Si iron 
(heat A60, Table 7) at 2675 F and poured at 2625 F, 
the 4x 4x8 in. casting produced a lightly mottled 
fracture. This is in contrast to heats Al and A22 of 
similar composition where about 0.01 per cent thal- 
lium was added at 2750 F and poured at 2700 F pro- 
ducing a heavily mottled fracture. 
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TABLE 9— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — 
INDIUM ADDITIONS 





Chemical Analysis! Fracture Results2 








Heat In 4x4x8 in. 17%-in. 134-in. 

No. C, % Si,% Added,% Casting D.Bar OD. Bar 
72 2.11 1.65 0.0073 Ww _ w 
Al0 2.50 1.22 0.01 G - — 
All 2.10 1.75 0.01 G - — 
Al2 1.78 2.30 0.01 HM — — 
A24 2.10 1.40 0.0025 HM LM WwW 
A25 2.10 1.40 0.005 HM LM Ww 
A26 2.10 1.40 0.0075 HM LM WwW 
A27 2.10 1.40 0.01 HM M WwW 
A29 2.10 1.65 0.007 G M LM 


1. Estimated chemical analysis. 

2. G—gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 

3. Indium added to this heat was produced in the 1940’s, where- 
as all other indium additions were of high purity indium. 





Indium Additions Effect 

Table 9 contains chemical analyses and fracture re- 
sults of heats poured containing indium additions. 
With the exception of heat 72, which was white, all 
fracture results are similar to that expected when no 
additions were made. However, high purity indium 
was added to all heats except heat 72, to which indium 
produced in the early 1940's was added. The proper- 
ties of indium from the 1940's were considerably differ- 
ent from present day sources, due to impurities, etc. 
For instance, the boiling point recorded for 1940 in- 
dium was 2642 F while that for present day indium 
is 3632 F. 

Variation of the amount of indium added to values 
less than 0.01 per cent did not assist in obtaining a 
fully white fracture. 


Zinc Additions Effect 


The effect of additions of zinc as the element and in 
compounds is presented in Table 10. An anomalous 
behavior of the zinc addition may be noted by com- 
paring heat 53, reported to be white in the 4.x 4 x 8 in. 
casting when 0.01 per cent Zn was added, heats 56 and 
57 where a 0.01 per cent Zn addition to the same 
analyses resulted in a gray fracture, and heat 49 to 
which 0.05 per cent Zn was added to the same analy- 
sis causing a mottled fracture. 

Repeating the above heats with an alloy of lower sil- 
icon and with smaller and larger amounts of zinc 
added, heats A31 and A32, respectively, did not ma- 
terially change the results. 

With the exception of heat A37 where zinc was 
added as ZnS, zinc when added as a compound (Table 
10) (ZnSO,*7H,O, heat A49 or ZnCl,, heats A38, A48, 
A55 and A56) produced a lightly mottled fracture in 
the 4x 4x8 in. casting where a heavily mottled frac- 
ture would be expected from the addition of zinc as 
the element. 


Addition of Other Elements Effect 


The effect of other elements on either raising or 
lowering the base line curve was studied. Table 11 pre- 
sents the fracture results and chemical analysis of 
those additions used. 

The effect on raising the base line was studied at 
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TABLE 10— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — ZINC AND 
ZINC COMPOUND ADDITIONS 





Chemical Analysis! Fracture Results? 








Heat 4x4x8 in. 174-in. 18%-in. 
No. C,% Si,% Addition, % Casting D. Bar D. Bar 
49 2.11 165 05Zn M - 
53 2.11 165 0.01 Zn Ww Ww - 
56 211 165 0.01Zn G M - 
57 2.11 165 0.01 Zn G M — 

A3l 2.10 140 0.005 Zn HM LM Ww 

A32. 2.10 140 0.10Zn HM M Ww 

A37 2.10 = 140 0.01 Zn as ZnS HM LM M 

A38 2.10 140 0.01 Zn as ZnCl,3 LM LM Ww 

A48 2.10 140 0.01 Zn as ZnCl, LM LM Ww 

A49 2.10 «+140 0.01 Zn as ZnSOye7H2Q LM Ww Ww 

A55 2.10 1.30 0.01 Zn as ZnCl, LM LM Ww 

A56 2.16" 1.23* 0.01 Zn as ZnCle LM Ww Ww 


1. Estimated chemical analyses unless marked with an asierisk 
(*), for which actual chemical analyses were obtained. 

2. G—gray; HM —heavily mottled, almost gray; M — mottled; 
LM-— lightly mottled; W — 100 per cent white. 

3. ZnCly used in this heat had picked up considerable water 
from the atmosphere before it was added. 





2.11 per cent C and 1.65 per cent Si. With the excep- 
tion of heat 64 to which 0.01 per cent Se was added re- 
sulting in a mottled fracture, all of the elements added 
produced either a heavily mottled or gray fracture as 
expected with no additions. The amount of the ele- 
ment added was as follows: 0.024 per cent, 0.061 per 
cent and 0.117 per cent cerium (heats 77, 92, and A339, 
respectively), 0.05 per cent selenium (heat 61), 0.01 
per cent arsenic (heat 44), 0.01 per cent antimony 
(heat 45), 0.05 per cent tin (heat 48), 0.05 per cent 
lead (heat 50), 0.01 per cent calcium (heat 58) and 
0.01 per cent magnesium (heat 62). 

The effect on lowering the base line was studied at 
2.00 per cent C and 0.72 per cent Si for additions of 


TABLE 11— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — MISCELLANEOUS 
ELEMENTS ADDED 





Chemical Analysis! Fracture Results? 








Heat Additions, 4x4x8in. 17%%-in. 1%%-in. 
No. c,% Si,% % Casting D.Bar D. Bar 
A28 1.83 1.20 0.151 Al HM LM LM 
A35 1.80* 132° 0.137 Al M M M 
N3 2.00 0.79 0.013 Al Ww Ww Ww 
77 2.11 1.65 0.024 Cs G G M 
92 2.11 1.65 0.061 Cs G G G 
A39 2.10 1.65 0.117 Ce G G LM 
61 2.11 1.65 0.05 Se G M _ 
64 2.11 1.65 0.01 Se M M - 
44 2.11 1.65 0.01 As G M _ 
45 2.11 1.65 0.01 Sb G M — 
48 2.11 1.65 0.05 Sn G G — 
50 2.11 1.65 0.05 Pb HM G — 
58 2.11 1.65 0.01 Ca G HM M 
62 2.11 1.65 0.01 Mg G Ww Ww 
A94 2.00 0.79 0.01 Ca Ww Ww Ww 
A98 2.00 0.79 0.01 As WwW Ww Ww 
A99 2.00 0.79 0.01 Sb Ww Ww Ww 
N 2.00 0.79 0.01 Sn WwW Ww Ww 
Nl 2.00 0.79 » 0.01 Mg Ww Ww Ww 
N2 2.00 0.79 0.01 Ti Ww Ww Ww 
as Fe-Ti 


1. Estimated chemical analyses unless marked with an asterisk 
(*), for which actual chemical analyses were obtained. 

2. G— gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 
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TABLE 12— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — MISCELLANEOUS 
CHEMICAL COMPOUNDS ADDED! 





Chemical Analysis? Fracture Results 











Heat C, Si, Additions, 4x4x8 in. 174-in. 13%-in. 
No. &% % % Casting D. Bar D. Bar 
80 2.11 165 0.02 Bias BigO, LM Ww - 

A36 2.10 +140 0.01 Bias BiCly*-H,O Ww Ww Ww 

A5l 2.10 1.40 0.01 Bias BiOCI WwW Ww Ww 

A52 2.10 140 0.01 Bias WwW Ww WwW 

Bi(NO3)3*5H2O 

A70 2.11 1.30 0.01 Bias Mgas MgCly HM LM WwW 

A73 2.11 140 0.04 Mg as MgCl. M M LM 
74 2.11 1.65 0.01 Naas NaCl G M _ 

A57 2.11 140 0.01 Naas NaBOg-4H,O M LM WwW 
59 2.11 1.65 0.0085 Sr as SrO M - M 
63 2.11 1.65 0.043 SrasSrO M M M 

A50 2.10 140 0.01 SrasSrO M LM Ww 
76 «62.11 165 0.01 K asKI M M _ 
79 2.11 165 0.01 Kas KI HM LM _ 

A380 2.10 165 0.01 Kas KI G M LM 
71 2.11 165 0.02 Baas BaCly G M _ 
73 «62.11 165 0.009 In as IngO, G M _ 
75 2.11 165 0.005 Lias LiCl G M — 


1. Zinc compounds will be found in Table 10. 
2. Estimated chemical analyses. 


3. G— gray; HM — heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 





0.01 per cent arsenic (heat A98), 0.01 per cent anti- 
mony (heat A99), 0.01 per cent tin (heat N), 0.01 
per cent magnesium (heat N1), 0.01 per cent ti- 
tanium added as ferro-titanium (heat N2) and 0.013 
per cent aluminum (heat N3). None of these addi- 
tions caused primary graphitization at this analysis, 
and all of the fractures were fully white as expected 
from the base line curve for no additions. Hence, no 
graphite nucleating effect need be attributed to these 
elements at this composition. 

However, the addition of 0.151 per cent aluminum 
at 1.83 per cent C and 1.20 per cent Si and 0.137 per 
cent aluminum at 1.80 per cent (‘and 1.32 per cent 
Si resulted in a heavily mottled and mottled fracture 
in the 4x4x8 in. casting, respectively. The 174-in. 
diameter bar and the 138%-in. diameter bar were 
lightly mottled and mottled, respectively, as shown by 
the data in Table 11. 


Addition of Other Compounds Effect 

Table 12 presents the chemical analysis and fracture 
results of heats to which compounds other than Zn 
compounds have been added. The effect of the bis- 
muth compounds listed in this table has been pre- 
viously discussed. 

Magnesium added as MgCl, to heats A70 and A73, 
sodium added as NaCl to heat 74 and as NaBO,*4H,O 
to heat A57, strontium added as SrO to heat A50, 
potassium added as KI to heats 76, 79 and A30, 
barium added as BaCl, to heat 71, indium added as 
In,O, to heat 73 and lithium added as LiO to heat 
75 resulted in fractures similar to those expected 
when no additions were made to irons of the same 
carbon and silicon contents. 

However, in heats 59 and 63 where 0.0085 per cent 
Sr and 0.043 per cent Sr were added as SrO, respec- 


tively, the fracture of the 4.x 4x 8 in. casting was, de- 
pending on the point of fracture, white for a depth o| 
4 to %-in. from the surface, mottled for 14-in. below 
the white zone and gray in the center. 


Combined Additions Effect 

Table 13 presents a list of heats to which combin.- 
tions of elements were added. Heat 46, of 2.12 pe: 
cent C and 1.36 per cent Si, to which 12 grains of 
water vapor/cu ft of gas in the atmosphere over th: 
melt plus 0.01 per cent bismuth were added, resulte« 
in a fracture similar to that obtained with either the 
water vapor or bismuth alone. The combination was 
not observed to raise the base line curve. 

Combinations of 0.01 per cent bismuth plus 0.01 pe: 
cent tellurium (heats A67, A68 and A71) did not 
cause fracture results different from those obtained 
when only 0.01 per cent tellurium was added in eithe1 
the 4x 4x8 in. casting or the 17%-in. diameter bar. 
The addition of 0.002 per cent bismuth plus 0.002 
per cent tellurium to heats A90 and A9I resulted in 
fractures similar to that expected from a low tellurium 
addition in the 4x 4x 8 in. casting. In the 17%-in. di- 
ameter bar, mottled and lightly mottled fractures for 
heats A90 and AQI, respectively, were obtained where 
a white fracture was obtained with a 0.004 per cent 
tellurium addition. The combination of bismuth and 
tellurium did not appear to alter the effect obtained 
from a similar tellurium addition alone. 

The addition of small amounts of bismuth in the 
form of a bismuth-lead alloy (heats A78 and A79) 
and in the form of a bismuth-indium alloy (heat A80) 


TABLE 13— CHEMICAL ANALYSIS AND FRACTURE 
RESULTS OF HEATS POURED — 
COMBINATION ADDITIONS 


Fracture Results? 





Chemical Analysis! 











Heat = C, Si, Combination 4x4x8 in. 174-in. 134-in. 
No. % % Additions, % Casting D.Bar D. Bar 
46 2.12* 1.36* 0.01 Bi+12 M LM — 
grains water vapor 
A67 =_2.56* 1.62* 0.01 Bi+ 0.01 Te LM Ww Ww 
A68 240 1.19 0.01 Bi+0.01 Te WwW WwW WwW 
A71 264 140 0.01 Bi+0.01 Te LM WwW Ww 
A90 2.82 1.00 0.002 Bi + 0.002 Te M M LM 
AQ] 222 160 0.002 Bi + 0.002 Te M LM — 
A78 2.11 1.41 0.0025 Bias LM WwW Ww 
50 Bi — 50 Pb 
A79 2.11 1.41 0.00125 Bias LM WwW WwW 
50 Bi — 50 Pb 
A80 2.11 1.41 0.00125 Bias LM W WwW 
98.7 Bi — 1.3 In 
A8l 251 1.32 0.15 Ti+ 0.01 Bi G LM Ww 
A82 2.51 1.32 0.30Cu+0.01 Bi LM WwW WwW 
A84 2.51 1.32 0.30Cu + 0.05 Bi - Ww Ww 
N4 2.66* 1.18* 0.01 Al+0.01 Te LM WwW WwW 
N5 2.61* 1.20* 0.005 Al+0.01 Te LM Ww Ww 
N6 2.65* 1.20* 0.055 Al+0.01 Te LM Ww Ww 
N7 2.67* 1.22* 0.03 Al +0.01 Te Ww Ww Ww 
N8 2.62* 1.56* 0.03 Al+0.01 Te M LM Ww 
N9 2.59* 1.54* 0.03 Al+ 0.01 Te M Ww WwW 
N10 2.66* 1.55* 0.03 Al+ 0.02 Te M Ww W 
Nil 2.20* 140 0.02 Al+0.01 Znas G M M 
ZnCly 
N13 2.55 155 0.005 Al+0.01 Te M LM W 
+ 0.003B 


N16 2.02 1.50 0.02 Al+ 0.004 Te LM Ww Ww 

1. Estimated chemical analysis unless marked with an asterisk 
(*), for which actual chemical analyses were obtained. 

2. G—gray; HM -—heavily mottled, almost gray; M — mottled; 
LM — lightly mottled; W — 100 per cent white. 











did not increase the effect of small amounts of bis- 
muth on the base line. The effect produced was simi- 


lar to that expected from the same addition of bis- 
muth alone. 

Addition of 0.30 per cent copper with 0.01 per cent 
bismuth (heat A82) also gave results similar to that 
expected from a 0.01 per cent bismuth addition. How- 
ever, 0.15 per cent titanium added to heat A81] with 
0.01 per cent bismuth caused a gray fracture where a 
white or lightly mottled fracture would be obtained 
with a 0.01 per cent bismuth addition. 


TABLE 14— DETERMINATION OF 
ALUMINUM RECOVERY 








Heat 

No. Al Added, % Al Found, % 
_ IPR a rere 0.01 0.005 

BE ci ndenaedcvs evacnnkecusn Peekoaee 0.005 0.004 

ROE TE Seer ne eee re oes = em 0.055 0.025 

Bik ip Or nktacesdanangh che waeseee 0.03 0.017 

DN isi cektws vad M ees ae ied alee nee 0.03 0.020 

BE dics sGuxGatas ened anaemia ok 0.03 0.024 
PE acta ca keh oie ee Mae ee eee ae 0.03 0.022 


1. Aluminum determination made by the spectrographic method. 





The addition of aluminum and tellurium together 
was also studied. Data for these heats are presented 
in Table 13. Addition of 0.01 per cent tellurium and 
varying amounts of aluminum to irons of essentially 
the same composition (2.65 per cent C, 1.20 per cent 
Si) was made to heats N5 (0.005 per cent Al), N4 
(0.01 per cent Al), N7 (0.03 per cent Al) and N6 
(0.055 per cent Al). In this series of heats, the frac- 
tures of the 4x4x8 in. castings were — N5, lightly 
mottled; N4, less mottle than in N5, mottle spots are 
small and round; N7, white; and N6, fine mottle 
specks. The addition of 0.01 per cent tellurium alone 
at this composition would result in a lightly mottled 
fracture. As the aluminum addition increased to 0.03 
per cent, the amount of mottling was decreased from 
a lightly mottled fracture to a fully white frac- 
ture. Addition of aluminum of more than 0.03 per 
cent, however, again resulted in mottle. 

Two observations were made when the combination 
of aluminum and tellurium were added to the melt. 


1) The addition of aluminum to the melt caused a 
scum to form over the melt which became thicker 
as the aluminum addition increased. An addition 
of 0.005 per cent Al was sufficient to cover only 
50 per cent of the metal surface with a scum. With 
0.01 per cent Al the metal surface was nearly en- 
tirely covered. Additions of 0.03 per cent Al and 
0.055 per cent Al caused a scum to form over the 
entire surface of the metal, the scum being much 
thicker with the 0.055 per cent Al addition. 


2) Addition of tellurium to the metal is normally fol- 
lowed by the evolution of fumes from the metal. 
These fumes are quite dense soon after the addi- 
tion is made, and gradually fade away until the 
fuming is almost stopped when the heat is ready 
to pour. An addition of 0.005 per cent alumi- 
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num with the tellurium did not appreciably change 
this observation, but with the addition of 0.01 
per cent aluminum plus 0.01 per cent tellurium 
the fuming was less dense at the start and seemed 
to be prolonged. This was more evident when 
0.03 per cent and 0.055 per cent aluminum were 
added. In these instances fumes were evolved at a 
more even rate, and persisted even while the met- 
al was being poured. 


It therefore appears that the aluminum scum was 
important to the retention of tellurium in the melt. 
Table 14 gives the comparison between the amount 
of aluminum added and the amount recovered. The 
aluminum analysis was made by spectroscopic meth- 
ods in a commercial laboratory. 

Heats N8 and NQ are similar to N7, except for an 
increase in the silicon content of 1.55 per cent. Al- 
though the fracture results of the 4x 4x8 in. casting 
are listed in Table 13 as mottled, they were unusual 
in that they were almost gray except for a lightly 
mottled rit, about 34 to | in. thick around the out- 
side. Increasing the addition of tellurium to 0.02 per 
cent in heat N10 did not change the fracture results. 

The addition of 0.005 per cent Al plus 0.01 per cent 
Te plus 0.003 per cent B in heat N13 gave similar 
fracture results in the 4x 4x8 in. casting as were ob- 
tained from heats N8, N9 and N10. The boron did 
not appear to increase mottling. 

Combining 0.01 per cent Zn as ZnCl, with an ad- 
dition of 0.02 per cent Al (heat N11, Table 13) was 
not helpful in obtaining fracture results different from 
that expected from an addition of 0.01 per cent Zn 
as ZnCl, alone (heats A38, A48, A55 and A56, Ta- 
ble 10). 


SUMMARY 


Base lines representing the maximum carbon and 
silicon contents which will permit a 100 per cent 
white fracture in the 4x 4x8 in. casting under the 
specified procedure have been presented in Fig. 1, for 
heats made with no additions; in Fig. 4, for heats 
with 0.01 per cent bismuth added; in Fig. 8, for heats 
with 12 or 25 grains water vapor added/cu ft of gas 
in the atmosphere over the melt and in Fig. 10, for 
heats with 0.01 per cent tellurium added. 

Similar base lines for the 174-in. diameter bar have 
been presented in Fig. 2, no additions; Fig. 5, 0.01 
per cent bismuth added; Fig. 9, 12 or 25 grains water 
vapor added/cu ft of gas in the atmosphere over the 
melt and Fig. 11, 0.01 per cent tellurium added. Fig- 
ure 3 presented the white base line for the 13,-in. 
diameter bar made with no additions. 

An addition of 0.005 per cent bismuth has been 
shown to be equivalent to a 0.01 per cent bismuth 
addition insofar as obtaining a white fracture is con- 
cerned. Similarly, a 0.004 per cent tellurium addition 
has been shown to produce the same fracture result 
as obtained with an addition of 0.01 per cent tellu- 
rium. The addition of amounts of tellurium or 
bismuth greater than 0.01 per cent were not found 
to shift the base lines established with a 0.01 per 
cent addition. However, the larger bismuth addi- 
tions resulted in the formation of gas holes in a white 
fracture which at first glance could be mistaken for 
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mottle. Two min elapsed between the time the ad- 
ditions were made and the castings poured. 


DISCUSSION 


In order to increase the effectiveness of bismuth 
and tellurium additions in so far as obtaining a fully 
white fracture was concerned, the effect of the addi- 
tion of two or three agents at the same time was 
investigated. Combinations were selected that might 
1) increase the base lines through additive effects, 
2) increase the solubility of bismuth or tellurium in 
the metal or 3) increase the amount of bismuth or 
tellurium retained in the melt by retarding its evolu- 
tion as a vapor. 

Combinations of bismuth and water vapor, and 
bismuth and tellurium were made to note any addi- 
tive effects tending to move the base line to higher 
carbon and silicon contents. However, the fracture 
results obtained were similar to that expected from 
the addition of bismuth or tellurium alone. 

Attempts to increase the solubility of bismuth 
in the iron were made with the following com- 
binations: bismuth-lead, bismuth-indium, bismuth- 
copper and bismuth-titanium. Except for the bismuth- 
titanium addition, the effect on mottling was the 
same as that expected from the addition of bismuth 
alone. The bismuth-titanium combination was highly 
graphitizing causing a gray fracture. 

The addition of a sufficient amount of aluminum 
in combination with tellurium was found to aid 
in the retention of tellurium in the melt by means 
of the aluminum scum which formed over the melt. 
Sufficient tellurium was retained so that the fracture 
of the 4x 4 x8 in. casting became white when it would 
normally have been lightly mottled. Increasing the 
aluminum addition beyond the optimum amount 
(0.03 per cent Al, 0.01 per cent Te) caused mottling 
to reappear. 

The effect of temperature of addition was found 
to be of great inportance. In the case of bismuth, 
addition at a temperature above its boiling point 
resulted in a shift of the base line curves to higher 
carbon and silicon contents than could be obtained 
with no additions. However, the addition of bismuth 
at a temperature below its boiling point produced 
the same fracture as that obtained when no additions 
were made. Tellurium and water vapor were also 
in the vapor state when found to be effective in 
shifting the base line curves. 

Addition agents were therefore selected which 
would be in the vapor state when at the temper- 
ature of the molten metal. Unless these materials 
were involved in chemical reactions or not retained 
in the metal due to excessive volability, they should 
be effective in shifting the no addition base line 
curves to higher carbon and silicon contents. 
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APPENDIX 


VARIATIONS IN TYPE OF MOTTLING 
FRACTURES 

A large variation was found in the type of mottle 
obtained in fractures of castings poured as a part 
of this project. Figure 16 shows an example of the 
extremely fine mottle specks obtained in one of 
the 4x 4x8 in. castings. Fine mottle spots were found 
in those heats which were slightly above the base 
lines in carbon and silicon content. A slight de- 
crease in either carbon or silicon would cause this 
fracture to become fully white. On increasing the 
carbon and/or silicon contents the mottling spots 
would become more frequent and larger, or the frac- 
ture would be gray. 

Fine mottle spots were also found in those heats 
to which additions were made which were slightly 
above the base line in carbon and silicon content. 
The fractures obtained from heats to which addi- 
tions were made were visually the same as those 
to which no additions were made, when compared 
at the same position with respect to their appro- 
priate base lines. 

Large mottle spots, as shown in Fig. 17, were 
obtained from heats in which the amount of addi- 
tion agent was too low. A still smaller addition would 
result in larger over lapping mottle specks, thus 
producing a heavily mottled or fully gray fracture. 
Increasing the amount of the material added would 
cause this fracture to be 100 per cent white. 


CORRELATION OF GRAPHITE SHAPE WITH 
CARBON AND SILICON CONTENT 

Metallographic analysis of microstructures of the 
4x 4x8 in. castings made with no additions revealed 
three types of graphite in the composition range 
investigated. Figure 18 shows the correlation of those 
graphite types with carbon and silicon content and 
with the base lines established for the 4x4x8 in. 











Fig. 16 — Fracture of a 4x 4x8 in. casting showing an 
example of extremely fine mottle spots obtained from 
a heat which was too high in carbon and/or silicon 
content. 


casting with no additions made. Examples of these 
graphite types are presented in Figs. 19 to 22. 

Figure 19 is an example of graphite present in 
the area marked, “euthectic type,” in Fig. 18. This 
graphite is typical of type D graphite having inter- 
dendritic segregation and random orientation. 

At lower carbon contents there is less eutectic in 
the structure. An example of the graphite formed 
in this region is shown in Fig. 20. The decreased 
amount of eutectic has resulted in a semi-alignment 
of the graphite. Evidence of eutectic type graphite 
is also found in this transition structure. 

Film type graphite is found in the area noted in Fig. 
18. Figure 21 shows an example of the graphite in 
this composition range. Long films of graphite, some 
spreading two or three field diameters of the micro- 
scope at 100 before a break occurs, are evident. Eu- 
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Fig. 17 — Fracture of a 4x 4x8 in. casting showing an 
example of large mottle spots obtained from a heat in 
which the amount of addition was too low. 


tectic type graphite is no longer present except at the 
juncture of films. 


Figure 22 shows an example of graphite found in 
the area of compact graphite on Fig. 18. As the carbon 
content is lowered, the film type of graphite breaks 
down into short, fat clumps and then into the com- 
pact type of graphite. This compact graphite, as seen 
in Fig. 22, exists for the most part in the region where 
a visually, fully white fracture was obtained in the 
4x 4x8 in. casting. Little or no eutectic is present 
in this region. 


Further work on the correlation of chemical analy- 
sis with graphite type from the 4x 4x8 in. casting is 
underway. The effect of addition agents in the compo- 
sition ranges studied on the graphite shape will also be 
investigated. 




































































3.0 | 
S\N 
25 MOTTLED) 
hii SS EC XC \: 
WHITE iN 
“i aH) 
g oY wy my : N 
Fig. 18 — Correlation of graphite type « the iM Hs; el) - 
in the microstructure with carbon and o ‘s ‘CO nbe Sp: Wyn} ad 
silicon content and mottling tendency ~ 
for no additions in the 4x4x8 in. 8 -f 
casting. a d 
210 CORRELATION OF GRAPHITE TYPE 
WITH CARBON AND SILICON CONTENTS 
IN THE 4" xX 4" xX 8" CASTING — 
05 NO ADDITIONS MADE 
° ° 0.5 1.0 15 2.0 25 3.0 35 40 


PERCENT SILICON 





326 


Fig. 19 — Example of eutectic type graphite found i: 
the area noted in Fig. 18. Unetched. 100 X. 





COMPARISON OF ESTABLISHED BASE 
LINES WITH COMMERCIAL WHITE IRON 
ANALYSES 

The chemical analysis specifications of white iron 
produced by ten malleable foundries, presented in Ta 
ble 15, are reproduced from references.3.4 The carbon 
and silicon specification ranges for these irons are 
plotted with the various base line curves for the 
4x 4x8 in. casting in Fig. 23, and for the 174-in. di- 
ameter bar in Fig. 24. Foundries A, B, C, D and J have 
duplexing melting processes while foundries E, F, H, 
I and K melt by the cold-melt air furnace process. 





Figure 23 shows a comparison of carbon and silicon 





; ' : aS RRS i ; ranges for irons from these malleable foundries with 
bas itis Nar : i ieee the effect of various additions on the mottling tend- 
a c— ow ee ency of the 4x 4x8 in. casting. If no additions are 
age Ysa. made to the melt, and if the metal is melted according 


Sin, 90 Shemale of tendiiinn tips qpagtite batoumn to the procedure standardized for this project, the 
eutectic and film type areas noted in Fig. 18. Un- 4x 4x8 in. casting would show mottle in all of the 
etched. 100 X. commercial composition ranges. Water vapor in the 
melting furnace atmosphere moves the base line so 
that some cold-melt shops can, if the base analysis is 

right, produce this section fully white. 
The addition of 0.01 per cent bismuth allows all of 
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Fig. 21— Example of film type graphite found in the Fig. 22 — Example of compact type graphite found in 
area noted in Fig. 18. Unetched. 100 X. the area noted in Fig. 18. Unetched. 100 X. 
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the cold melt shops to produce the 4 x 4.x 8 in. casting 
free from mottle. Mottle will still be obtained in most 
of the duplex shop analyses. 0.01 per cent tellurium 
added to the metal moves the base line to higher car- 
bon and silicon contents, and makes it possible to pro- 
duce a 100 per cent white, 4 x 4 x 8 in. casting in about 
half of the duplex shop composition ranges. 

This same comparison is shown in Fig. 24 for the 
174-in.. diameter bar. Even when no additions are 
made, and the metal melted according to the stand- 
ard procedure, it is possible to produce the 17,-in. 
bar free from mottle in some of the composition ranges 
reported for cold melt shops. Water vapor in the melt 
does not appreciably affect the no addition base line 
in the range of the cold-melt shop analyses. The addi- 
tion of 0.01 per cent bismuth to the melt allows the 
production of a fully white fracture in the 17-in. di- 
ameter bar for all cold melt compositions and most of 
the duplex shops. A 174-in. diameter bar free from 
mottle may be obtained in all duplex melting opera- 


1.0 15 2.0 2.5 3.0 3.5 4.0 
PERCENT SILICON 


tions with the addition of 0.01 per cent tellurium. 

These curves present a means whereby the effec- 
tiveness of certain additions to the melt on the mot- 
tling tendency of the 17%-in. diameter bar and the 
4x 4x8 in. casting may be evaluated. 


TABLE 15— CHEMICAL ANALYSIS OF TYPICAL 
MALLEABLE FOUNDRY WHITE IRONS! 





Chemica! Analysis, % 











Plant2 Cc Si Mn S P Cr B 

A 2.30-2.40 1.58-1.68 0.44 0.14 0.040 0.030 _ 

B 2.50 1.25 0.50 0.17 0.08 _ 0.0015 

Cc 35-1.45 0.40-0.46 0.11-0.12 0.05-0.06 0.030 0.0015 

D -1.45 0.45-0.50 0.12-0.14 0.06 Max 0.040 0.0020 

E -1.20 0.33-0.38 0.07-0.10 0.10-0.14 0.01-0.04 - 

F3 -1.00 0.75-0.85 0.07-0.10 0.10-0.14 0.01-0.03 0.50% 
Cu 
optional 

H_ 2.30-2.40 1.00-1.10 0.30-0.35 0.08-0.10 0.13-0.16 - - 

I 2.25-2.35 1.15-1.20 0.33-0.38 0.06-0.08 0.10-0.15 0,036 _- 

J 2.45-2.55 1.30-1.35 0.36-0.38 0.13-0.14 0.05-0.06 0.044 0.0015 

K2.20-2.40 1.00-1.10 = _ “= — 


1. Obtained frem reports of AFS Malleable Div. Pearlitic Malleable Com- 
mittee (6-E).3,4 

2. Plants A, B, C, D and J are duplex shops. Plants E, F, H, I and K 
are cold melt shops. 

3. Manganese alloyed pearlitic malleable irons. 
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Fig. 24— Effect of 0.01 per cent tel- 
lurium added, 0.01 per cent bismuth 
added, 12 grains of water vapor/cu ft of 
gas in the atmosphere over the melt, and 
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MELT ADDITIONS EFFECTS 
ON WHITE IRON ANNEALABILITY 


Progress Report 

Malleable Division 

Sponsored by 

AFS Training & Research Institute 


by C. R. Loper, Jr., R. W. Heine and J. Waring 


Part I! 


ABSTRACT 


This report is concerned with the effect of additions 
to the melt on the annealability of white iron, using 
the 4x4x8in. casting, the 1%-in. diameter bar, the 
134-in. bar and an annealability test slug which was 
poured from nearly every heat. First and second stage 
graphitization, and the effect of additions relative to 
each, are considered. All work presented here is based 
on the 1.5 x 0.75 x 0.625 in. annealability slug. 


INTRODUCTION 


This is the second part of the second progress report 
on the investigation of casting heavy section malle- 
able iron sponsored by the AFS Training & Research 
Institute under the direction of the AFS Malleable 
Division. Part I of this report was concerned with 
the effect of additions to the melt on the mottling 
tendency of white iron in various section sizes. 
This part of the report will be concerned with the 
effect of additions to the melt on the annealability 
of white iron. 


PROCEDURE 


In addition to the 4x 4x8 in. casting, the 17-in. 
diameter bar and the 134-in. diameter bar used in 
Part I of this report, an annealability test slug casting 
was poured from nearly every heat. This casting 
consisted of 12 annealability test slugs each 1.5 in. 
long x 0.75 in. high x 0.625 in. wide, and were 
notched at mid-length for easy fracture. These slugs 
were adequately fed and attached six per side to a 
horizontal 1.0 in. square runner, and each gated 
through a 0.5 in. square gate. The test slugs were 
all cast in green sand. 

The melting procedure and the method of addition 
to the melt of the additives investigated have been dis- 
cussed in a reference! and Part I of this report. 

The furnace installation used for all heat treat- 
ments consisted of an electrically heated resistance 
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muffle furnace fitted with an interior separate muffle 
of 1 in. thick fire clay. Temperature control was 
of such accuracy that temperatures quoted were +5 F 
in all parts of the furnace. 

In order to standardize annealing atmospheres, all 
samples for heat treatment were shot blasted and 
packed in 2.0 in. diameter x 8 in. long black iron 
pipes fitted with malleable iron caps. The threads 
were sealed with a thick graphite paste. The rate 
of heating in the furnace was controlled so that the 
FSG temperature was always reached in 3.5 to 7.5 hr. 
FSG temperatures were more generally reached in 
5.5 hr, however. The charge was always placed in a 
cold furnace, i.e., below 400 F. 

In order to compare the results of this work with 
previous investigations, first stage graphitization tem- 
peratures employed were 1700 F. Time at tempera- 
tures varied from 0 to 200 hr as required. At the 
completion of all thermal heat treatments, the con- 
tainers were quenched in water and allowed to cool 
in still air. 

Examination of FSG structures was carried out at 
100X. The completion of FSG was the presence of 
less than one per cent by area of the carbide phase. 
Nodule counts on completion of FSG were made by 
the method of a reference2 and converted to 
nodules/mm’ by the method of another reference.3 

Second stage graphitization was controlled through 
the range from 1475 to 1300F in all cases, and 
cooling rates between 5 and 70 F/hr were employed. 
The completion of SSG was the appearance of less 
than one per cent by area at 100X of pearlite or 
spherodized carbides. 


FIRST STAGE GRAPHITIZATION 


The results of the investigation of the effect of 
additions to the melt are presented in Tables 1 
through 10. The heats are grouped according to the 
addition made to the melt, and only the times 
bracketing the completion of FSG are noted. — 

Figure | presents a summary of the data of first 
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stage graphitization time at 1700F as a function of 
the silicon content of the heat. Two base lines are 
drawn, one for 0.01 per cent tellurium added to the 
melt, and one for heats with no additions made to 
the melt. These base lines represent the maximum 
time required for FSG at 1700F for white irons of 
various silicon content. 


Melt Additions Effect 
Additions to the melt of bismuth, thallium, indium 
and the miscellaneous additions listed in Tables 8 


TABLE 1— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS. AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 
NO ADDITIONS 








Chemical FSG Time, Hr Max. Complete 
Heat _Analysest Greater Less Nodules/ SSG Cooling 

No. €C% &.% than _ than mm3 Rate, F/hr 

8 2.39° 1.40° 1 2 5,000 + 35 
11 2.44* 1.07* 5 7 some flakes <10 
12 2.34" 1.05* 5 7 1,200 < § 
=. sa. iaj* 3 4 2,400 5 
4M ge ie 5 7 2,100 <5 
15 1.85 0.86 10 12 1,200 

16 234° 0.9§° 7 10 2,100 

17 2.05" 0.82* 10 12 800 

18 2.10 0.86 10 12 3,000 

19 190° 1.12* 6 7 700 <10 
20 2.00 1.15 5 7 1,800 <5 
21 1.85* 1.40* 4 6 2,600 <5 
22 2.94° 0.30° 200 - - 
23 + =2.60* 0.30* 45 50 1,800 
24 «=41.66* 3.85* ] 3 flakes >70 
25 3$.03° 0.25° 135 200 - 
26 1.26" 3.86* 0 2 5,000 + >70 
27 «61.32 355° 0 1 5,000 + >70 
28 163 2.00 0 | 5,000 + 45-70 
29 «145° 3.96° 0 | 5,000+ >70 
30 2.60" 0.26* 135 200 —- 
Si 46292° 027° 200 - = 
54 2.11 1.65 l 2 5,000 + 45-70 
55 220° 1.70° 0 1 2,700 20-45 
81 =—-1.87* = 1.28" 0 2 2,000 5 
82 1.76" 2.14* 0 1 5,000 + 55-70 
83 1.72° 220° 0 1 5,000 + 55-70 
A5 260 0.99 7 8 800 <20 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 
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and 9 did not shift the base line (solid curve of 
Fig. 1) for FSG time at 1700F. A few exceptions 
to this base line were found among this group. One 
of these was heat A 28 (Table 8) to which 0.151 per 
cent aluminum was added causing the time required 
for completion of FSG to be greatly increased. 
Other heats which did not adhere to the established 
base line were: heat 38, Table 2 (0.01 per cent Bi 
added); heat 52, Table 3 (0.05 per cent Bi added; 
heat 99, Table 6 (0.009 per cent T1 added); heat 
A 10, Table 7 (0.01 per cent In added); and heat 
70, Table 3 (0.05 per cent Bi added). The foregoing 
exceptions to the base line required FSG times be- 
tween the solid curve and the dashed curve for 0.01 
per cent Te on Fig. 1, These exceptions are readily 
explained by low nodule numbers of the alloying 
effect of aluminum in the case of heat A 28. The 
effect of low nodule numbers will be discussed later. 


Tellurium Effect 


Figure 1 also presents a base line for heats with 
0.01 per cent tellurium added. Additions of tellurium 


TABLE 2— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 0.01 
PER CENT BISMUTH ADDED 








perme os Time, Hr ; | Max. Complete 
Heat _“Setyss*_ Greater Less Nodules/ SSG Cooling 
No. C,% Si,% than than mm3 Rate, F/hr 
S$ 25° is 2 3 4,900 10-20 
6 242° 139° l 2 5,000 + 10-20 
83 =—s-1.88* = 2.00* 0 l 5,000 + 55-70 
34 2.18* 1.41* 0 $ 4,200 <10 
35 250° 148° 7 8 1,000 <20 
3S 196° 128° 1 2 3,200 10-20 
Sz. 2h 150 3 5 4,500 <10 
88 2.50 0.70 40 45 100 
39 =1.83* 1.89* 0 1 5,000 + 55-70 
@ gm i37° 1 2 3,200 10-15 
41 255° 0.82° 10 12 3,700 
66 2.24* 1.66* | 2 5,000 + 45-70 
84 2.30 1.65 2 8 5,000 + 20-35 


1. Estimated chemical analyses uhless marked with an asterisk 
(*) for which actual chemical analyses have been obtained. 
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TABLE 3— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH MISCEL- 
LANEOUS BISMUTH ADDITIONS 








FSG Time, Max. 
Chemical Bi Hr Complete 
Heat _Analysis! added, Greater Less Nodules/ SSG Cooling 
No. C,% Si,% % than’ than mm3 Rate, F/hr 
4 240° 1.30° 0.02 2 8 5,000 + 10-20 
5 236* 1.28* 0.05 3 5 «2,700 <10 
7 240° 1.49* 0.10 2 3 3,200 10-20 
9 234° 1.42* 0.012 0 l 5,000 + 20-45 
10 241* 141* 0.102 l 2 5,000 + 20-45 
42 2.11 1.65 0.05 | 2 4,800 40-45 
52 2.34% 1.68* 0.05 5 6 2,200 10-20 
67 2.30 1.65 0.013 0 l 5,000 + 35-45 
70 258 1.65 0.05 10 11 800 10-20 
85 2.30* 1.67* 0.014 2 3 4,800 20-35 
Al3 2.10 1.40 0.05 3 5 5,000 + 10-20 
Al4 2.10 1.40 0.005 5 6 4,200 10-20 
Al6 2.12% 1.52% 0.0025 3 4 3,200 <10 
Al8 2.10* 1.43* 0.10 3 4 3,200 5-15 
A88 2.51 0.89 0.004 11 _ 100 
A89 2.17 1.42 0.004 3 - 1,500 
A92 1.92 1.80 0.004 3 _ 1,500 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses have been obtained. 


2. Bismuth added at 2700 F, poured at 2680 F. 
3. Bismuth added at 2600 F, poured at 2600 F. 
4. Bismuth added at 2700 F, poured at 2600 F. 





to the melt as low as 0.002 per cent (heat A 97, 
Table 5) and as high as 0.10 per cent (heat A 93, 
Table 5) do not change the base line established for 
an addition of 0.01 per cent tellurium. This base 
line for tellurium additions represents the maximum 
FSG time required at 1700 F, as related to per cent 
silicon. Many heats containing tellurium additions, 
however, were completely first stage graphitized at 
times below that expected from the tellurium base 
line. 

In fact only 13 heats out of 26 required the shift 
from the silicon base line curve (solid line) to the 


TABLE 4— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 0.01 
PER CENT TELLURIUM ADDED 


Chemical FSG Time, Hr 
Heat Analyses! Greater Less Nodules/ 





Max. Complete 
SSG Cooling 








No. C,% &1,% than than mm3 Rate, F/hr 
65 2.19* 1.61* 0 8 4,000 10-20 
8 282° 1.75° 7 10 3,200 10-20 
87: 225 2.25 0 ] 5,000 + >70 
88 175 2.50 0 1 5,000 + >70 
89 2.02* 2.61* 0 l 5,000 + >70 
90 225 2.00 0 | 5,000 + 55-70 
91 2.85* 1.56* 7 10 1,000 <10 
93 2.89*° 0.98* 17 19 700 
94 1.94* 2.53* 0 | 5,000 + >70 
95 268 1.30 7 10 400 <10 
96 2.46° 1.75* 0 1 5,000 + 45-55 
7. 272° 417° 12 15 200 <20 
98 2.36° 1.85° 0 | 5,000 + 55-70 
A6 2.77 0.99 22 24 150 
AT 2.57 1.40 5 7 3,700 15-20 
A8 2.60 0.99 20 23 100 
AQ = 1.68* 3.38* 7 10 1,200 >70 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 





tellurium addition base line curve (dashed curv: 
Fig. 1). These 13 heats all were low in nodul: 
number after FSG. Where the nodule number 
raised, then the FSG time at 1700F for heats with 
0.01 per cent tellurium added becomes the same as 
the FSG time when no tellurium is added. Th. 
nodule number can be readily increased by methods 
to be presented later. 

An important question concerns the effect of addi 
tions on FSG time. Is the effect one of retarding 
FSG by alloying or by reducing graphite nucleation: 
during annealing? Since the FSG time, at a speci*ec! 
silicon content, is the same for heats of the sam 
nodule number, with or without addition of tellurium 
or bismuth, it appears as if the effect of these addi 
tions is entirely one of changing the nodule numbe: 
This is in complete agreement with their effect on 
mottling tendency. Large additions of these elements 
do not have any greater effect than the minimum 
addition on either mottling or annealing, at least 
in the range of 0 to 0.05 per cent addition. 

The reduction in graphite nucleation which mini- 
mizes mottling may or may not retard FSG depending 
on the recovery of the element. Recovery is not known 


TABLE 5— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH MISCEL- 
LANEOUS TELLURIUM ADDITIONS 











Chemical Analysis! FSG Time, Max. 
Te a. Complete 
Heat C, Si, Added, Greater Less Nodules/ SSG Cooling 
No. % %, %, than than mm3 Rate, F/hr 
51 2.11 1.65 0.05 0 3 4,800 10-20 
Al5 2.08* 1.62* 0.0027 2 3 5,000 + 10-20 
Al7 2.10 1.50 0.0014 2 3 5,000 + 50-55 
Al9 2.10 1.50 0.137 2 3 2,000 15-35 
A85 2.86 0.99 0.004 20 _ 100 
A86 2.18 1.59 0.004 6 9 2,500 
A87 198 2.52 0.004 6 9 2,400 <25 
A93 2.68 1.62 0.10 9 10 1,900 
A97 2.78 0.96 0.002 25 - 100 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 





TABLE 6— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNT AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 
THALLIUM ADDITIONS 











Chemical Analysis! FSG Time, Max. 
Tl ae. Ata Complete 
Heat C, Si, Added, Greater Less Nodules/ SSG Cooling 
No. % % % than than mm3 Rate, F/hr 
78 2.11 1.65 0.009 l 2 5,000 + >70 
99 2.77 1.01 0.009 15 20 1,000 <20 
A 1.98 2.03 0.01 2 3 5,000 + >70 
Al 2.10 1.50 0.009 2 3 2,700 <20 
A2 2.50 1.01 0.01 7 10 300 <20 
A3 1.93* 1.55* 0.009 0 1 5,000 + <10 
A4 2.12* 1.01* 0.009 7 10 1,200 <10 
A20 2.10 1.40 0.0025 2 3 5,000 + 5-15 (?) 
A21 2.10 1.40 0.005 5 7 3,200 (?) 
A22 2.10 1.40 0.01 2 3 5,000 + >55 (?) 
A23 2.10 1.40 0.05 5 7 3,100 15-35 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 
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Fig. 2 — Range of first stage graphitiza- 
tion times at 1700 F for all heats, from 
a reference* and the present data, as a 





function of silicon content shown be- 
tween the solid lines. The base line for 
0.01 per cent tellurium added is shown 
as a dashed line. 
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for lack of adequate chemical analysis. Nucleation, 
however, can be observed after FSG and altered by 
treatments described later. Obviously, the statements 
just made do not apply to alloying element additions 
such as chromium, aluminum, etc. 


Additions and Melting Variables 
Relationship on FSG 

The effect of melting variables on first stage 
graphitization was reported. A summary of the data 
from this reference* and this project is presented 
in Fig. 2. 

The area between the two curves represents the 
range of times required for FSG at 1700 F, depending 
on melting variables and additions to the melt. The 
reference? states that minimum FSG times at 1700 F 
are promoted by reducing melting furnace atmos- 
pheres and charge mixtures containing pig iron. On 
the other hand, factors which raise FSG time at 
1700 F toward the maximum include the use of 100 
per cent sprue charges, oxidizing melting conditions, 
high nitrogen content and increase in melt-down 
time. These melting variables can cause a shift in 
the relationship between FSG time at 1700F and 
per cent silicon from the minimum to maximum 
curves shown in Fig. 2. 

The effect of additions to the melt exhibited a 
lesser effect on FSG time at 1700F than melting 
variables. For example, the base line curve for tellu- 
rium additions resulting in a low nodule number, 
presented in Fig. 1, is also shown in Fig. 2. It is seen 
to fall between the extremes obtained by the melting 
variables cited. 

Figure 2 also reveals that the time for complete 
FSG at 1700F for irons of over 1.50 per cent silicon 
is always less than ten hours. 


SECOND STAGE GRAPHITIZATION 


The effect of additions to the melt on the cooling 
rate necessary for complete second stage graphitiza- 
tion is also presented in Tables | through 8, depending 
on the additions made. Figure 3 presents a compila- 
tion of the effects of melting variables and the 


° 
06 08 


1.0 12 1.4 1.6 18 20 22 
PERCENT SILICON 


effects of additions to the melt. on second stage 
graphitization cooling rate between 1475 and 1300 F 
as a function of silicon content. 

The upper curve in Fig. 3 represents the highest 
cooling rates which produced a fully ferritic structure, 
while the lower curve represents the slowest cooling 
rate required to produce a fully ferritic structure. The 
data on which these curves are based are compiled 
from this project and from the reference data.4 
Dashed lines are from the reference.4 According to 
this reference, factors which promote rapid SSG cool- 
ing rates include: 


1) Pig iron in the charge. 

2) Reducing melting conditions. 

3) Low nitrogen contents in the iron. 

4) Low moisture content in the melting furnace gases. 
5) Proper Mn-S ratio. 

6) Low silicon oxidation losses. 


Retardation of SSG was reported to be caused by the 
converse of these factors. 


TABLE 7— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 
INDIUM ADDITIONS 











Chemical Analysis! FSG Time, Max. 
In Hr Complete 
Heat C, Si, Added, Greater Less Nodules/ SSG Cooling 
No. % % % than than mm3 Rate, F/hr 
72 eae 1.65 0.0072 0 3 3,700 15-20 
AlO 2.50 1.22 0.01 15 20 200 <5 
All 2.10 1.75 0.01 2 3 4,800 15-20 
Al2 1.78 2.30 0.01 0 2 5,000 + >70 
A24 2.10 1.40 0.0025 5 6 2,000 5-15 (?) 
A25 2.10 1.40 0.005 5 6 3,700 5-15 
A26 2.10 1.40 0.0075 5 6 3,200 <5 
A27 2.10 1.40 0.01 0 5 3,200 <5 


1. Estimated chemical analysis. 


2. Indium added to this heat was produced in the 1940's, where- 
as all other indium additions were of high purity indium. 
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r Fig. 3 — Range of second stage graphi 
e tization cooling rates (1475F t 
© 1300 F) as a function of silicon content 
& 80+——_ HIGHEST COOLING RATE PRODUCING for the data of the present project (solid 
= A FULLY FERRITIC STRUCTURE curves) and from a reference? (dashed 
« curves). The upper curves represent the 
= highest cooling rates encountered whict 
y 60 produced a fully ferritic structure while 
wf the lower curves represent the slowest 
= cooling rates required which produced a 
x 40 fully ferritic structure. 
9° 
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rs) 
20) 
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Nodule Number Effect on SSG ing effects and melting variables. The dotted line, 
Nodule number has an even greater effect on SSG shown in Fig. 4, represents the minimum cooling 
than it has on FSG. The heats with addition resulting rate for SSG (1475 to 1300 F) for 95 per cent of all 
in low nodule numbers cause a slow SSG cooling the samples from both projects and has the same 
rate to be required. Analysis of all the data of this implication. 
project indicated that the principal variable influ- High nodule numbers have been reported to be 
encing SSG rate was the nodule number rather than promoted by reducing conditions and, in general, 
the kind or magnitude of the addition at a given those conditions which promote mottling. A some- 
per cent silicon. what similar relationship exists with regard to melt 
Figure 4 graphically presents an analysis of the additions in that additions which had little effect 
data of this project and one reference. The solid on moving the base line for mottling (Part I of this 
curve, shown in Fig. 4, represents the minimum cool- report) to higher carbon and silicon contents also 
ing rate required for SSG (1475 to 1300F) as a had high nodule counts on completion of FSG. 
function of the number of nodules present at com- Additions which reduced mottling sometimes pro- 
pletion of FSG. For example, if the number of nodules duced high counts and sometimes low nodule counts. 
after FSG is 3000, the cooling rate for complete This may be a recovery problem. When nodule count 
SSG must be 30F/hr or less. The actual cooling was low, the SSG cooling rate required was low and 
rate required in this case could be lower than 30 F/hr vice versa. In cases where the nodule count was low 
by an amount depending upon silicon content, alloy- after normal FSG, but was raised by special treat- 
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ment, then the SSG cooling rate was raised to the 
‘xpected higher cooling rate. 


COMBINED ADDITIONS EFFECT ON 
ANNEALABILITY OF WHITE IRON 


The combined addition of bismuth plus water 
vapor (heat 46, Table 8) and bismuth plus tellurium 
(heats A67, A68, A71, A90 and AQI, Table 8) 
were not investigated because they did not influence 
mottling behavior differently than the single additions. 


The combined addition of aluminum plus tellu- 
rium was also studied. The data for these heats are 
presented in Table 8. Heats N 4, N5, N6 and N7 of 
about 2.62 per cent C and 1.20 per cent Si, and 
having from 0.005 to 0.055 per cent aluminum plus 
0.01 per cent tellurium added, were first stage graph- 
itized in about 10 hr and contained fewer than 100 
nodules/cu mm. Heats N 8, N9 and N 10 of about 
2.62 per cent C and 1.55 per cent Si, and having 
0.03 per cent aluminum plus 0.01 or 0.02 per cent 
tellurium added, were first stage graphitized in 6 to 
10 hr and contained 150 to 800 nodules/cu mm as 
noted in Table 8. 


SPECIAL HEAT TREATMENT EFFECT 


With the use of a special heat treatment, it was 
possible to correct for the low nodule count at the 
completion of FSG obtained in those heats, which 
did not agree with the no additions base line pre- 
sented in Fig. | and in those heats to which aluminum 
plus tellurium was added. This cycle consisted of 
heating to 600F and holding for 2 hr, heating to 
1200 F and holding for 4 hr and finally continuing 
_px to 1700 F for first stage graphitization. The usual 
+p socedure was used for second stage graphitization. 

Table 9 presents the FSG times, nodule count at 
completion of FSG and SSG cooling rates for those 
heats which were given this special heat treatment. 
A comparison of FSG times and nodule counts for 
heats given this special heat treatment with FSG 
times and nodule counts for heats given the regular 
heat treatment is presented in Table 10. 

Table 10 shows that a considerable increase in the 
nodule count at completion of FSG was obtained in 
all samples to which the special heat treatment was 
given. The first stage graphitization times obtained 
were correspondingly less than those obtained with 
the regular heat treatment and, as was expected, all 
of these heats had FSG times equal to or near that 
predicted by the no additions curve presented in 
Fig. 1. 

The maximum SSG cooling rate obtained from 
samples given the special heat treatment are presented 
in Table 9, and compared with samples given the 
regular heat treatment in Table 10. These SSG 
cooling rates are, with only one exception, all higher 
than those obtained using the regular heat treating 
cycle for FSG. This increase in SSG rate may be 
directly attributed to the increase in the number of 
nodules present at the completion of FSG. 
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TABLE 8— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR HEATS POURED WITH 
MISCELLANEOUS ADDITIONS 





Chemical Analysis! FSG, Time, Max. 
Addition Hr Complete 
Made, Greater Less Nodules/ SSG cooling 





Heat C, Si, 





No % % % than than mm3 Rate, F/hr 
43 2.10* 163* I2grH,O 0 8 5,000 + 20-35 
44 2.11 165 0.01 As 0 3 5,000 + 10-20 
45 2.11 165 0.01 Sb 5 6 3,700 5-10 
46 2.12* 1.36* 0.01 Bi+ 0 l 5,000 + 10-20 

12 gr H2O 
47 2.14* 140° 12grH,O 5 6 5,000 + 15-20 
48 211 165 0.05Sn 0 3 5,000 + 10-15 
49 2.11 165 0.05Zn 0 3 5,000 + 10-20 
50 2.11 165 0.05 PB 5 6 5,000 + 20 
53 2.11 165 0.01 Zn 3 5 5,000 + 10-20 
56 2.11 165 0.01 Zn 3 5 5,000 + 10-20 
57 2.11 165 0.01 Zn 0 3 4,200 10-20 
58 2.11 165 0.01Ca 0 $ 5,000 + 10-20 
59 2.11 1.65 0.0085 Sr 3 5 5,000 + 10-20 
as SrO 
61 2.11 165 0.05Se 0 3 3,200 20 
62 2.11 1.65 0.01 Mg 5 6 4,800 20-35 
63 2.11 165 0.043Sr 3 5,000 + 15-20 
as SrO 
64 2.11 165 0.01 Se 0 3 3,700 20 
71 2.11 165 0.02 Ba 
as BaCly 0 3 4,000 + 10-15 
74 2.11 165 0.01 Na 0 3 5,000 + 20-45 
as NaCl 
75 2.11 165 0.005 Li 0 3 5,000 + 10-20 
as LiCl 
76 2.11 165 0.01 KasKI 0 3 5,000 + 20-35 
77 2.11 165 0.024Ce 0 3 5,000 + 40-45 
79 2.11 165 001KasKI 0 3 5,000 + 10-20 
80 2.11 165 0.02 Bias 
BizO, 1 2 5,000 + 20-45 
92 2.11 165 0.061 Ce 0 3 flake 20-35 
A28 1.83 1.20 0.151 Al 20 45 1,200 5-15 
A67 2.56* 1.62* 0.01 Bi+ 
0.01 Te 0 9 2,400 20-25 
A68 240 1.19 0.01 Bi+ 
0.01 Te 0 ill 1,700 
A71 2.64 140 0.01 Bi+ 
0.01 Te 9 1,300 20-25 
A90 2.82 1.00 0.002 Bi+ 
0.002Te 25 — <100 
A91 2.22 160 0.002 Bi+ 


0.002 Te 6 9 2,150 


N4 2.66* 1.18* 0.01 Al+ 
0.01 Te 10 «15 <100 


N5 261° 1.20* 0.005 Al+ 
0.01 Te 6 10 <100 


N6 2.65* 1.20* 0.055 Al+ 
0.01 Te 6 10 <100 


N7 267* 1.22* 0.08 Al+ 
0.01Te 10 15 <100 


N8 2.62* 1.56% 0.03 Al+ 
0.01 Te 6 10 800 


N9 2.59* 1.54% 0.03 Al+ 


0.01 Te 6 10 200 
N10 2.66* 1.55* 0.03 Al+ 
0.02 Te 6 10 150 


1. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 
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TABLE 9— FIRST STAGE GRAPHITIZATION TIMES, 
NODULE COUNTS AT COMPLETION OF FSG AND 
SECOND STAGE GRAPHITIZATION COOLING 
RATES FOR MISCELLANEOUS HEATS FIRST 
STAGE GRAPHITIZED ACCORDING TO A 
SPECIAL HEAT TREATMENT! 











Chemical Analysis? FSG Max. 
Addi- _ time, Hr Complete 
Heat C, Si, tion, Greater Less Nodules/ SSG Cooling 
No. % %, % than than mm3 Rate, F/hr 
$8 2.50 0.70 0.01 Bi 12 15 3,700 <25 
52 2.34% 1.68* 0.05 Bi 0 3 5,000 + 25-32 
86 2.82* 1.75* 0.01 Te 0 3 3.500 32-40 
91 225 2.00 0.01 Te 0 3 5,000 25-32 
93 2.89% 0.98* 0.0] Te 6 9 2,900 <25 
95 268 1.30 0.01 Te 0 3 4:000 <25 
97 2.73* 1.17* 0.01 Te 4 6 1,700 <25 
A7 2.57 140 0.01 Te 0 3 5,000 + 32-40 
A8 260 099 0.01 Te 6 9 4,500 <25 
AS 1.68* 3.38" 0.01 Te 3 4 4,400 <25 
Al4 2.10 140 0.005 Bi 0 3 5,000 <25 
A28_ 1.83 1.20 0.151 Al 0 + 5,000 + <25 
A69 2.56* 1.69* 0.01 Te 0 3 5,000 + 32-40 
A85 2.86 0.99 0.004 Te 6 9 4,200 <25 
A86 2.18 159 0.004 Te 0 3 5,000 + <25 
A87 1.98 2.52 0.004 Te 0 3 5,000 + >40 
A93 268 162 0.10Te 3 4 5,000 + 25-32 
A97 2.78 0.96 0.002 Te 6 9 5,000 <2 
N4 2.66* 1.18* 0.01 Al+ 
0.01 Te 0 4 ~~ $3,900 <25 
N5 2.61* 1.20* 0.005 Al + 
0.01 Te 0 4 3,900 25-32 
N6 2.65* 1.20* 0.055 Al + 
0.01 Te 0 4 5,000 + >40 
N7 2.67* 1.22* 0.03 Al + 
0.01 Te 0 4 5,000 + 25-32 
N8 2.62* 1.56* 0.03 Al+ 
0.01 Te 0 3 3,000 >40 
N9 2.59% 1.54* 0.03 Al+ 
0.01 Te 0 3 4,900 25-32 
N10 2.66% 1.55* 0.03 Al+ 
0.02 Te 0 3 3,300 25-32 
N13 2.55 1.55 0.005 Al+ 
0.01 Te + 
0.003 B 0 3 5,000 + >40 
N16 2.02 1.50 0.02 Al+ 
0.004 Te 0 3 5,000 + 32-40 


1. Heated to 600 F, held 2 hours; heated to 1200 F, held 4 hours: 
heated to 1700 F, held 15 hours. 


2. Estimated chemical analyses unless marked with an asterisk 
(*) for which actual chemical analyses were obtained. 





ALUMINUM EFFECT ON STRUCTURE 
OBTAINED AFTER ANNEALING 


Metallographic examination of the fully mallea- 
blized samples to which aluminum was added re- 
vealed the presence of an additional phase when the 
amount of residual aluminum was about 0.02 per 
cent. This phase was present whether the aluminum 
was added in combination with another element, 
such as tellurium, or whether it was added alone. 
The amount of this additional phase increased as 
the amount of residual aluminum increased. Table 
11 presents the results of spectrographic analyses of 
some of the heats to which aluminum was added and 
the presence of the residual phase. 


The presence of this residual phase has been dis- 


cussed in a reference.8 It was found in that work 
that small percentages of aluminum and titanium 
added to white cast irons function initially as de- 
oxidizers, while amounts sufficient to leave a residual] 
alloying percentage form complex carbides in the 
malleablized iron. The former behavior promotes 
graphitization and ultimately mottling. 

A rather complete description of this phase is 
presented in another reference.? These authors name 
it the K-phase, and on the basis of x-ray data, 
chemical data and metallographic and equilibrium 
diagram studies, describe it as a double carbide of 
aluminum and iron. 

According to one reference, the presence of the 
K-phase does not impair mechanical properties until 
the residual aluminum content is greater than 0.02 
to 0.04 per cent. 


SUMMARY 


The effect of silicon content on the minimum 
time required to accomplish complete FSG at 1700 F 
has been established, Fig. 1. Carbon content does 
not appear to alter the relationship between minimum 
time for FSG and per cent silicon. 

The effect of Bi and Te on the per cent Si-FSG 
time relationship depends on whether these addi- 
tions change the number of nodules formed during 
annealing. If the number of nodules is decreased then 
a longer time is required, as indicated by the upper 
dashed curve in Fig. 1. If the number of nodules is 
not decreased, or if the number is increased by pre- 
treatment, then Bi and Te have no effect on the 
relationship of FSG time and per cent silicon. Thus, 
Bi and Te have no direct effect of retarding FSG 
by alloying in the range of additions studied, 0 to 
0.10 per cent. ‘cs. 

The maximum time, which might be required font 
FSG, is related to per cent Si, as shown in the’ 
upper curve Fig. 2. Melting variables and ladle addi- 
tions of Bi and Te may require an actual FSG time 
between the minimum and maximum curves in Fig. 2, 
depending on the extent to which nodule number 
is decreased. With pretreatment to obtain a full 
nodule count, the minimum time requirement ac- 
complishes FSG. The data show that nodule counts 
over 2500 nodules/cu mm permit FSG to occur in 
the minimum time for a given per cent silicon. 

The maximum cooling rate permissible to accom- 
plish complete SSG is related to per cent Si in the 
iron, as shown in Fig. 3. The minimum cooling rate 
which may be required for complete SSG is related 
to silicon content, as shown by the lower curve in 
Fig. 3. The actual cooling rate required for SSG will 
fall between these two cooling rates, depending on 
the number of nodule developed during FSG as re- 
lated to melting variables, ladle additions and any 
potential alloying elements. 

Ladle additions of Bi and Te have no effect of 
retarding SSG if a sufficient number of nodules are 
present after SSG (This is the same principle stated 
previously). 

A high nodule number, over 2500 nodules/cu mm, 





may still require a minimum SSG cooling rate, if 
some other effect such as nitrogen in the iron, alloy- 
ing with excess chromium, manganese or aluminum 
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»r melting variables, etc., is a controlling factor. the project. 
All of the work presented in this paper has been 

based on the 1.5 x 0.75 x 0.625 in. annealability slug 

described in the procedure. The effect of section 

size on the above mentioned conclusions is presently 

being studied. tion White Iron Castings,” 'AFS TRANsacTioNns, vol. 67, pp. 
In addition to the references listed at the end of gg by 
> , he 2. E. A. Lange and R. W. Heine, “Effects of Melting Furnace 

this paper, there appears an extensive bibliography on Atmosphere on Casting Properties and Annealability of Mal- 

the effect of addition elements on the graphitization leable Iron,” AFS Transactions, vol. 61, pp. 107-130 (1953). 


of white cast iron. 
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TABLE 10— COMPARISON OF FSG TIMES FOR HEATS GIVEN A SPECIAL HEAT TREATMENT! WITH FSG 
TIMES FOR HEATS GIVEN THE REGULAR HEAT TREATMENT? 





Regular Heat Treatment! Special Heat Treatment! 














; FSG Time, Hrs Max. Complete FSG Time, Hr Max. Complete 
Heat Chemical Analyses Greater Less Nodules SSG Cooling Greater Less Nodules SSG Cooling 
No. C,% Si.% Addition, % than than /mm3 Rate, F/hr than than /mm! Rate, F/hr 
afe8 2.50 0.70 0.01 Bi 40 45 100 10-20 12 15 $700 <25 
the2 2.34" 1.68* 0.05 Bi 5 6 2200 10-20 0 8 5000 + 25-32 
86 a. tao 0.01 Te 7 10 3200 <10 0 3 3500 32-40 
91 2.25 2.00 0.01 Te 7 10 1000 0 $ 5000 25-32 
93 2.89% 0.98" 0.01 Te 17 19 700 <10 6 9 2900 <25 
95 2.68 1.30 0.01 Te 7 10 400 <20 0 3 4000 <25 
97 aan-6= ss '* 0.01 Te 12 15 200 15-20 4 6 1700 <25 
A7 2.57 1.40 0.01 Te 5 7 3700 0 3 5000 + 32-40 
A8 260 0.99 0.01 Te 20 23 100 >70 6 9 4500 <25 [ 
A9 168*  3.38* 0.01 Te 7 10 1200 10-20 3 4 4400 <25 
Al4 2.10 1.40 0.005 Bi 5 6 4200 5-15 0 3 5000 <25 
A28 1.83 1.20 0.151 Al 20 45 1200 0 4 5000 + 32-40 
A85 2.86 0.99 0.004 Te 20 _- 100 6 9 4200 <25 
A86 2.18 1.59 0.004 Te 6 9 2500 <25 0 3 5000 + <25 
A87 1.98 2.52 0.004 Te 6 9 2400 0 3 5000 + >40 
A93 2.68 1.62 0.10 Te 9 10 1900 8 4 5000 + 25-32 
A97 2.78 0.96 0.002 Te 25 = 100 6 9 5000 <25 
N4 2.66* 1.18* 0.01 Al + 0.01 Te 10 15 <100 0 4 3900 <25 
N5 2.61*  1.20* 0.005 Al + 0.01 Te 6 10 <100 0 4 3900 25-32 
N6 265° 120° 0.0655 Al + 0.01 Te 6 10 <100 0 4 5000 + >40 
N7 267" 122° 0.03 Al + 0.01 Te 10 15 <100 0 4 5000 + 25-32 
N8 2.62* 1.56* 0.03 Al + 0.01 Te 6 10 800 0 3 3000 >40 
N9 2.59° 1.54° 0.03 Al + 0.01 Te 6 10 200 0 $ 4900 25-32 
N10 266° 1.55° 0.03 Al + 0.02 Te 6 10 150 0 8 3300 25-32 


1. Heated to 600 F, held for 2 hr; heated to 1200 F, held 4 hr; heated to 1700F, held 15 hr. 


2. Heated to 1700 F, held 10 to 15 hr. 
3. Estimated chemical analyses unless marked with an asterisk (*) for which actual chemical analyses were obtained. 
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ABSTRACT 


Internal and surface defects in titanium castings 
have been identified, and ways of overcoming these 
problems have been outlined. Results of this work in- 
dicate that titanium castings can be produced to con- 
sistantly high quality levels when design, gating, pour- 
ing and mold requirements are met. 


INTRODUCTION 

The availability of an expendable graphite mold5 
has contributed a great deal to the development of 
many new possibilities in the casting of titanium 
shapes. The complex designs which may now be cast 
are presenting a4 host of problems which require an- 
swers. Among these problems are shrinkage, gas po- 
rosity, feeding distance, riser requirements, gating 
techniques and the need to make the expendable 
molds even more versatile than they are at present. 

Other problems of alloying, melting and heat treat- 
ing are equally demanding, but the solution of the 
aforementioned problems is required in order that 
these alloys may be put into usable cast shapes. The 
following work has been conducted in an effort to 
establish and identify the surface and internal de- 
fects, and to outline the conditions which must be 
met if sound titanium castings are to be obtained. 


SHRINKAGE 


Centerline shrinkage is the most frequently ob- 
served problem in titanium castings. Shrinkage is 
observed in two distinct forms.1 The first and most 
prevalent is a dispersed void, such as shown in Fig. 1, 
and will always be found at centerline of uniform 
thickness sections where insufficient thermal gradi- 
ents exist to produce the necessary directional solid- 
ification. The second type of observed shrinkage ap- 
pears as a concentrated void and will occur in any 
therrhal center, as shown in Fig. 2. 

Shrinkage has not been observed in either unal- 
loyed titanium or in the commercial alloys such as 
6Al-4V as a gradual change from solid to mushy con- 
dition, but rather it appears as distinct voids even in 
the areas of dispersion. This factor may frequently 
be used to advantage since heavy sections will freeze 
to complete soundness, except for a small void lo- 
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cated precisely in the thermal center of the section. 

In many designs this void removes readily during 
the subsequent machining operations. In other cases 
where complete soundness is required, and the sec- 
tion is accessible to a riser, the thermal center may 
be moved out into the riser. 


GAS POROSITY 


It is quite logical to assume that when a shrink- 
age condition exists some gas may be associated with 
this porosity.1 The small amount of gas which may 
exist along with the shrinkage voids is not considered 
to be a problem, since when sufficiently steep thermal 
gradients are produced to remove the shrinkage the 
gas is also removed. Gas, such as shown in Fig. 3, 
will occur in positions in the casting not related to 
thermal centers, and will be found most frequently 
on the cope surfaces of the casting. 

These gas inclusions are readily identified by their 
smooth spherical appearance and may vary in size 
from pin point diameters, barely discernable by x-ray, 
to large inclusions where severe gassing has occurred. 
Two primary sources produce this gassing. The first 
is the result of an incompletely fired expendable 
mold. The second may result from the decomposition 
of water absorbed in the molds during handling 
prior to casting. 

A third possible source of gassing could be the 
melting stock. However, this seems unlikely since the 
material has been vacuum melted prior to the intro- 
duction into the mold cavity. 


Methods of Controlling Gassing 

There are several methods by which the gassing of 
castings may be controlled. Considered to be poten- 
tially an effective method is the vacuum firing of 
both expandable graphite and machined graphite 
molds prior to their introduction into the casting fur- 
nace. While this procedure has been reported, it is 
not yet definitely known that vacuum firing will be 
essential. 

In the work reported here, all mold firing has been 
accomplished by packing the expendable graphite 
molds in steel or cast iron boxes and completely cover- 
ing them with 4 in. of powdered graphite. The molds 
are air dried for 16 hr followed by oven drying at 
200 F for 24 hr. The packed box and molds are then 
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brought up to 1650F and held at that temperature 
for a period of 3 hr.? 

The box and molds are permitted to cool in the 
furnace to a temperature of about 1100F then re- 
moved and molds are unpacked when they drop be- 
low 700 F. This procedure has appeared quite effec- 
tive in producing a mold which will not subsequently 
gas the casting. The greatest difficulty experienced 
has been with moisture pickup in the mold during 
the period of time after the mold -has been unpacked 
and while it is being assembled and gated for pouring. 

When relative humidity exceeds 45 to 50 per cent, 
gassing difficulties are usually experienced with molds 
which have been allowed to remain in the atmos- 
phere for a period of several hours. Since the mold 
assembly work must be accomplished after firing, it is 
considered advisable that the completed mold assem- 
blies either be held in a controlled atmosphere for a 
sufficiently long time to assure an extremely low mois- 
ture level or, more efficiently, that the assemblies be 
held for shorter periods of time in holding ovens 
operating between 250 and 600 F with rapid transfer 





from the molding oven to the vacuum casting fu 
nace to minimize any possibility of moisture picku; 


Outgassing Procedure 

Since Aug. 1959, an outgassing procedure has bee: 
employed whereby the expendable molds are packe: 
in graphite in iron boxes, fired at 1650F for 4 h 
at temperature, removed from the furnace at tha 
temperature and placed in a vacuum chamber fo 
outgassing until cool enough for unloading.? Thi 
procedure consistently produces a reduction in sur 
face contamination. Castings are much brighter, al 
though experience has been that the least surfac: 
reaction occurs in machined molds. 

A final and extremely effective method of avoiding 
the gassing condition is the use of the centrifuge 
technique, as shown in Fig. 4. Forces up to 20 gs may 
be applied by spinning the casting around a hori- 
zontal or vertical axis. With this technique there is 
no gassing discernable by x-ray. 

The development of a vertical axis centrifuge fur- 
nace utilizing the consumable arc skull melting tech- 





Fig. 1— Plate casting showing center- 
line dispersed shrinkage (light areas). 
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Fig. 4— Casting setup to illustrate the centrifuging 
technique effective removal of gas porosity. 


nique in vacuum levels of 50-150 microns has con- 
tributed considerably to the reliability of producing 
gas free castings. When normal mold preparation pro- 
cedures have been followed, the absence of gas can 
be predicted with a high degree of certainty. No other 
approach has been found that will consistently pro- 
duce castings without the presence of some undis- 
solved gas inclusions. 


FEEDING DISTANCE 


The distance titanium will feed to complete the 
soundness during solidification is an extremely im- 
portant consideration for a given set of conditions. 
It is useful to know what the extent of the feeding is 
in uniform thickness sections combining both the 
edge effect of the casting and the sound distance be- 
yond the riser. It is also useful to know the degrees 
of taper required for any shape with a given edge 
thickness which will feed to soundness over infinite 
distances. 

These two facts may be determined readily for 
simple shapes for any condition where the metal tem- 
perature, mold material, mold temperature and al- 
loy are controlled. When this type of information 
has been determined, it becomes useful for casting 
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Fig. 5 — Feeding distance for %-in. edge thick plates 
for rammed graphite and machined graphite molds. 


design, gating and risering and prediction of the in 
ternal quality level of the casting. Considerable wor! 
has been done to establish as nearly as possible th: 
extent of feeding of titanium under various standar 
conditions. 

Since machined graphite molds and rammed graph 
ite molds are the principal available materials i 
which to cast, most of the work thus far was don 
with these materials. The program was aimed at c: 
termining the total feeding distance combining th 
sound edge-effected area and the sound area su 
rounding the riser in uniform sections of varyin; 
thicknesses from 1l4-in. to one in. The program wa 
also aimed at determining the degrees of taper i 
quired to produce complete soundness for varying 
edge thickness from 1% to one in. 

The work was done primarily with plate sections it 
thicknesses to one in. and with 5 and 6 in. diame 
ters. All molds were poured with the mold at roon 
temperatures, and melting was done in a consumab| 
electrode skull furnace. Work was also done with 
tapers to a maximum of 12 degrees with the various 
thickness plates. The total feeding distance was de 
termined by measuring the least distance from the 
edge of the casting to the first porosity, the least 
distance from the riser perimeter to the first po- 
rosity and combining these two numbers. 


Soundness Condition Change 


The information gained from inspection of x-rayed 
plates was plotted on graphs to illustrate the change 
in the soundness condition with each additional in- 
crease in taper towards the riser. The method of de- 
termining soundness was to determine a T value, 
which was a number representing the ratio to distance 
sound and the section thickness (T = total sound + 
section thickness). The graphs are shown with the T 
values along the Y axis, and the taper of plates in 
degrees along the X axis. 

Graphs illustrated show the increase in soundness 
of plates with edge thicknesses of 4-, Y4- and %/-in. 
The graphs are also shown with two curves, repre- 
senting the feeding distance in machined graphite 
and rammed graphite molds. Figures 5, 6 and 7 illus- 
trate the feeding distance for 14-, o- and 34-in. plates, 
respectively. 

It has been shown in recent experimental castings 
that a straight taper from the edge of a section to- 
ward the feeding source is not effective in producing 
soundness. A more effective padding method has 
been to add a parabolic type of taper based on the 
feeding distance study findings. In one instance a 
shrinkage free part was cast using a progressive taper 
beginning at the end of the section with a 7 degree 
taper, and progressively decreasing the taper to 6, 2 
and 0 degrees near the feeding source. The primary 
taper requirements were based on the soundness value 
necessary to feed a 4-in. thick section. 

A wave of solidification progresses rapidly in the 
graphite molds, and a greater degree of padding is 
necessary at points distant from the feeding source. 
The necessity for a greater degree of padding is 
shown by the low T values of feeding distance curves 
in the graphs. 

No attempt has been made to determine actual 
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Fig. 6 — Feeding distance for ¥2-in. edge thick plates 
for rammed graphite and machined graphite molds. 


temperatures prevailing during the freezing cycle. 
The problem of temperature recording is quite com- 
plex, and sufficient time was not available for a 
more extensive program. 

The general characteristics of padding castings to 
obtain a sound section shows that a parabolic type 
of taper will be more influential in obtaining greater 
feeding distances. A more extensive research program 
is necessary to definitely establish a correlation be- 
tween soundness and the type of taper. 

The feeding distance in the centrifugally cast parts 
is increased over the feeding distance in static cast 
parts. A direct comparison of increased feeding dis- 
tance has not been established at the present time. 
Shapes that were formerly cast statically with dis- 
persed shrinkage occurring in several areas can be 
cast to complete soundness centrifugally. The cen- 
trifugal method of casting permits more efficient use 
of risers and padded sections. 

Molds to be cast centrifugally are positioned to 
take full advantage of forces exerted on the riser aft- 
er pouring is complete and fluid flow stops. The 
molds are also positioned as far as practicable to 
gain the advantages of increased feeding distance 
that is a result of acceleration of the metal in the 
direction of rotations as the mold cavity is filled. 


RISER REQUIREMENTS 


Concentrated shrinkage of the second type described 
places a great deal of emphasis upon risers where it 
is essential that the shrinkage void be removed from 
the casting. Because of the extremely short feeding 
distances found in both machined and rammed graph- 
ite molds, the principle function of the riser is to feed 
the section of the casting directly beneath it. 

It was found that the rapid chilling of castings in 
the machined graphite molds reduced the riser re- 
quirement to approximate diameters of twice the sec- 
tion thickness. These diameters were sufficient to 
cause the riser to remain molten sufficiently long to 
do the necessary feeding required in the casting, and 
to move the thermal center into the riser just above 
the casting surface. In all cases risers having heights 
equal to their diameters were adequate. 

In the expendable graphite molds having increased 
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Fig. 7 — Feeding distance for 34-in. edge thick plates 
for rammed graphite and machined graphite molds. 


feeding distances especially around the periphery of 
the riser, it was found that minimum riser diameters 
required were equal to 214 times the section thick- 
ness at the point of riser connection. All efforts to 
use necked down risers have been unsuccessful be- 
cause of the extremely rapid chilling effect of the 
mold material. 

This requirement of full riser contact frequently 
makes attachment to the casting difficult with subse- 
quent removal difficult both in terms of the economy 
of grinding the contact area, and also in re-establish- 
ing the dimensional tolerances of areas covered by 
the riser. When producing a casting to complete 
soundness every thermal center must be either ris- 
ered or chilled rapidly enough for feeding through 
the adjoining thinner section. 

Chilling is only moderately effective due to the 
high thermal conductivity of the mold. However, 
some use of copper chills and also machined graph- 
ite chills in the expendable graphite molds has as- 
sisted in promoting sufficiently steep thermal gradi- 
ents to obtain soundness in isolated areas. 


GATING 


The basic gating requirements for titanium cast- 
ings are not greatly different from other metals in 
other mold materials. The problem of pouring, 
however, is somewhat complicated because of the nec- 
essity of the gating system handling the entire melt 
in less than 5 sec. Initially, developed systems were 
based on the practice of pouring directly into the 
top of the mold cavity thus eliminating the gating 
system as such, and with the flow channels becom- 
ing the riser. 

This method was even less successful for titanium 
than it might be for standard gating in usual foundry 
practice. While there was no slag problem, the 
metal would enter the mold cavity with severe turbu- 
lence, and would produce a condition which came 
to be known as surface laps which were not deep in 
many cases. This would ruin the desired surface fin- 
ish of the casting. It was soon learned that bottom 
gating techniques would be required to produce sat- 
isfactory surface appearance on the casting. 
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Fig. 8 — Mold setup to show method of stacking molds 
for vertical gating technique. 





\ 
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Fig. 8a — Casting setup with graphite mold material 
removed to show bottom feed, vertical gating technique. 


Side Gating 

It was also found that in certain designs gating 
could be accomplished from the sides of the cast- 
ing, providing the metal did not drop more than one 
or 2 in. into lower sections of the mold cavity. It is 
considered that the techniques of gating as described 
in the work reported by Battelle on Fluid Flow in 
Transparent Molds,*? especially with reference to 
the work done with vertical gating, resulted in the 
most satisfactory filling of the mold cavity and pro- 
duced the best appearance on the surface of the cast- 
ing. 

The duplication of this work on a commercial ba- 





sis has been somewhat limited, due to the need {i 
fairly elaborate piping systems of graphite tubing fo: 
distribution of metal to all the molds requirin; 
pouring in a single heat. The requirement of fair], 
sizeable reservoirs to receive the large volume of th: 
initial pour, and also sufficiently enlarged piping t 
permit gating of molds remote from the main spru 
resulted in yields in the range of 20 to 30 per cen 

Work was done to refine these gating systems in ai 
attempt to increase the yields and to decrease th 
amount of actual piping required to convey metal t 
the mold. Most promising were graphite pourin; 
cups and main sprues connected at the bottom wit! 
short lengths of graphite tubing to a gating system i) 
expendable mold material, which permitted distri 
bution of metal to each of the vertical gates in a 
series of stacked molds, as shown in Figs. 8 and 8a 

Gating techniques are still not fully developed fo: 
centrifuge pouring, however, several procedures wer< 
used which are feasible for commercial production. 
The bottom gating methods were effective in centri 
fuge pours in the same way that they were effective 
for static pours. The essential requirements were that 
metal be introduced from the outer diameter of the 
spin circle and from the trailing edge of the casting, 
and in such a way that turbulence was minimized at 
the point of entry. Examples of this type of gating 
are shown in Figs. 9, 10 and 11. The gating ratio 
currently being used is a 1:2:2 gating system which 
provides a nonturbulent filling of the mold cavity. 
Gating ratios of 1:1.8:1.8 have also been used with 
success. A variation of this gating is shown in Fig. 12. 

The gating ratios are established by reference to 
areas of sprue, runner and ingates. In the cited 
ratio 1:2:2 the one is the area of sprue, 2 is twice 
the area of the sprue and the area of the runner, the 
second 2 is twice the area of the sprue and the area 
of the ingates into the casting. 


MACHINED GRAPHITE MOLDS 


While machined graphite molds are most econom- 
ically limited to simple shapes, which upon contrac- 
tion after solidification do not destroy the details of 





Fig. 9 — Casting setup to show method of bottom 
gating and reversal of direction in centrifugal casting 
technique. 
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Fig. 10 — Casting setup to illustrate gating system in 
centrifugal casting reversed gate and reduced ingates to 
equalize metal flow through ingates. 


the mold, many complex shapes can be produced 
this way. Figure 13 illustrates the complexity of a 
machined graphite mold necessary to prevent mold 
damage. Several examples of shapes produced in ma- 
chined molds from CS grade graphite are shown in 
Figs. 14, 14a and 14b. 

While surface appearance of these castings (Fig. 
14) is good and dimensional accuracy is closely con- 
trolled, the reduced feeding distances, as discussed in 
an earlier section, require the application of exces- 
sive padding to promote directional solidification. De- 
signs such as the flap track link (Fig. 14a) destroy 
the details of the mold during contraction and there- 
fore, are not economical to produce. 


The enclosed cored area of the bracket (Fig. 14) 
results in contraction cracks around the core when a 
machined graphite core is used. It has been found 
effective in some cases to use the machined mold for 
the exterior of the surface of the casting, and to use 
expendable shell or rammed graphite cores for the 
internal areas. Figure 15 illustrates the use of a shell 
graphite core in a machined graphite mold. 

The rammed cores will crumble sufficiently to per- 
mit the necessary contraction of the casting. The ma- 
chined mold also finds useful application for short 
run items where it is economical to produce the ma- 
chined mold in lieu of having a pattern made. The 
machined mold was first used extensively for centri- 
fuging castings, but many of these machined molds 
have been replaced with expendable molds in the 
centrifuging operation. 

The increase in carbon content above base carbon 
on the surfaces of castings produced in the machined 
molds has been shown to be relatively shallow (Fig. 
16). 

Recent work has shown the machined mold to be 
unsatisfactory for aircraft quality on casting surfaces. 
Rapid chilling causing surface laps, and restricted 
contraction produces shallow tears or cracks (Fig. 17), 
which result in indications when dye penetrant in- 
spected. The conclusion has been that where cast 


Fig. 11— Casting setup to show centrifugal gating 
technique, shell graphite cores used in forming center 
of part. 





Fig. 12 — Casting setup to show variation in centrifu- 
gal gating system. 





Fig. 13 — Complex machined graphite mold used to 
cast a valve body. 








Fig. 14 — Bracket casting illustrating the surface finish 
obtained on castings made in machined graphite (right) 
and rammed graphite (left) molds. Both castings made 
with shell graphite cores. 





Fig. 14a — Link casting illustrating surface finish of 
part cast in machined graphite mold. 





Fig. 14b— Pump housing, impeller and cover plate 
cast in machined graphite mold. 
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Fig. 15 — Use of shell 


graphite cores in machined 


graphite molds to prevent casting damage by cracking. 




















0.24 ‘ae GRRE: Sarees. Milieni ke T preeey T 
| 
| 
0.21 + + + } + } 4 
— Machined Mold, Orig. Carbon .053% CS Grade 
0.18 + —~ 
~—-— —- Rammed Mold, Orig. Carbon .079% 88-5 
0.15 \ t , ' ——+ ' + + 
X 
0.12 , \ } 4 + + + 
s. 
Nos 
0.09 t + 4 
“it eale oo & @ & ee ee ee 
0.06 nt a ee = 
0,03 if T | 
0 | 1 L 
0 010 020 -030 -040 -050 .060 


AVERAGE DEPTH FROM SURFACE, INCHES 


Fig. 16-— Carbon contamination in cold graphite 
molds. Casting section thickness — ¥-in. 
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Fig. 17 — Surface cracking caused by rapid chilling and 
restrictions of machined graphite mold. 











Fig. 18 — Shapes in rammed graphite molds by cen- 
trifugal techniques. 


TABLE 1— EXPENDABLE GRAPHITE MOLD MIX 
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Fig. 19 — Shell core machined with core box and shell 
graphite core in place. 





Fig. 18a — Valve components cast in rammed graphite 
molds by static casting techniques. 


surfaces are required, machined graphite molds 
should not be used. 


EXPENDABLE GRAPHITE MOLDS 


The expendable graphite mold permits all the lat- 
itude of complex designs normally obtainable with 
any of the sand casting processes. Five successful 
mixes now being used are composed of essentially 
the same materials as reported for the mix shown 
in Table 1. Molds may be produced by hand ram- 
ming, pneumatic ramming and jolting and squeezing. 
Green and fired mold properties are shown in 
Table 2. 

Feeding distances are extended over machined 
graphite molds as discussed and frequently, because 
of the more complex designs, permit feeding con- 





Fig. 20— Shell graphite cores for use in casting 
titanium alloys. 
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siderably beyond that shown from simple shapes. Sur- 
face finishes are frequently equal to finishes obtained 
in machined graphite, and generally comparable to 
many steel, iron, brass and aluminum sand castings. 
Examples, shown in Fig. 18 and 18a, of castings made 
in expendable graphite indicate that surface quality 
is approaching a high degree of acceptability. 

The expendable molds do not produce hot tearing 
in titanium castings. The depth of carbon contam- 
ination in castings poured in cold expendable molds 
is not ‘greatly different from that shown for castings 
produced in machined graphite, as seen as Fig. 16. 
As discussed earlier, the rammed mold is extremely 
hydroscopic, and extreme care is required in mold 
handling to insure control of the gassing problem. 

The rammed mold presents a greater problem in 
dimensional control of a casting due to the mold 
shrinkage of approximately 14-in./ft during the bak- 
ing and firing cycles. Fortunately, this shrinkage has 
been found to be relatively consistent, however, tol- 
erances in the range of 0.010 to 0.015 in./in. are 
still required. 


SHELL CORES OF GRAPHITE 


An interesting development of new mold materials 
has been the production of a graphite shell core 
composed of a mixture of 80 per cent graphite pow- 
der, 12 per cent phenol formaldehyde resin and 8 
per cent pitch.*. The shell core is first produced in 
the usual manner, using the apparatus shown in Fig. 
19, followed by the 1650F firing cycle as given the 
expendable rammed mold and is then ready for use. 
Considerably improved production cycles have been 
obtained since there is no air dry and no baking time 
required before firing. 

This frequently results in a saving up to 48 hr of 
process time. Excellent surface finish has been ob- 
tained, as shown in Fig. 15 (castings) and Fig. 20 
(shell cores), and no contamination of the titanium 
castings has been experienced other than the usual 
increase of carbon on the casting surface. The cores 
are sufficiently strong to withstand centrifuging, as 
shown in Figs. 10, 11 and 12. The castings shown in 
Figs. 10 and 11 were made using shell cores. Excel- 
lent surface finish was obtained in each of the cast- 
ing experiments. 

Penetration of the shell cores is not influenced det- 
rimentally by the increased forces prevalent during 
centrifuging. Warping of the shell cores has not been 
experienced during pouring of the castings. The in- 
crease of feeding distance in the casting due to the 
low heat capacity of the shell core promises to be 
an extremely valuable aid in solving some of the low 
feeding distance problems previously discussed. 

The feeding distance in shell graphite molds is ap- 
proximately twice that of rammed graphite molds. 
The shell core also permits easy removal of core 
from the casting when compared with either the ma- 
chined or rammed cores. The principle problems re- 
maining to be solved for producing a consistently 
satisfactory core are few. The high thermal conduc- 
tivity of the graphite grain makes a long flow, slow 
cure resin most desirable for producing a dense core. 

The shell cores shrink during final firing in the 
range of 0.014 to 0.017 in./in., and require careful 


packing to prevent warpage during the firing cycl: 
CONCLUSION 


Based on the preceding work, the following stat 
ments summarize the conditions of soundness foun 
in titanium castings and the procedures which cor 
tribute to high levels of internal and external ii 
tegrity. 

Shrinkage occurs in well defined voids, which ma 
be dispersed along section centerlines or concentrate: 
at the center of heavy thermal sections. 

Gas porosity is assumed to exist in connection wit! 
shrinkage, but will also be found in positions no 
related to thermal centers. Most effective in contro! 
ling the occurrence of gas porosity or shrinkage po 
rosity is the application of centrifugal force durin; 
casting. 

Feeding distance of titanium statically cast in graph 
ite molds is less than twice the section thickness it 
uniform thickness sections when poured in cold 
molds, and within the range of superheat in the 
skull melting furnace. 

Bottom gating techniques are essential for non-tur 
bulent filling of the mold for both static and cen- 
trifuged castings. Gating ratios of 1:2:2 have been 
satisfactory. 

Machined graphite molds are unsatisfactory for pro- 
ducing aircraft quality surfaces, because of surface 
cracking problems. 

Expandable rammed graphite is the most satisfac- 
tory mold material available. 

Shell cores of graphite, resin and pitch mixture 
can be processed to reduce reaction with titanium to 
below problem levels. 
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HIGH STRENGTH CAST STEEL 
STRUCTURE AND MICROPOROSITY 
EFFECT ON MECHANICAL PROPERTIES 


ABSTRACT 


The interrelationship of casting grain structure, 
microporosity and ductility is demonstrated for high 
strength, low alloy steel castings. These relationships 
are based on experimental work consisting of micro- 
radiography, examination of macrostructures and evalua- 
tion of mechanical properties of test castings. The test 
castings (solid cylinders, plates and step wedges) were 
produced under carefully controlled conditions to ob- 
tain desired variations in solidification structure. 

Results show that microporosity has a drastic in- 
fluence on the properties of high strength steel, and 
that it can be nearly eliminated by maintaining steep 
thermal gradients during solidification. When extremely 
sound metal is obtained, values of reduction in area 
of up to 40 per cent can be obtained at a strength 
level of 250-300,000 psi (in high purity A.I.S.I. 4340 
steel). Columnar zones of the test castings produced 
were found to be most ductile and least prone to micro- 
porosity, since the conditions which favor columnar 
grain formation are also those that promote good 


feeding. 


INTRODUCTION 

There is a growing awareness on the part of design 
engineers of the benefits to be gained when sound, re- 
liable, steel castings of ultra-high strengths become 
readily available. When cast steels with strengths of 
300,000 psi (and with adequate ductility and impact 
strength for engineering applications) become obtain- 
able, their advantages will include a higher strength- 
to-weight ratio than the best forged aluminum or mag- 
nesium alloys now obtainable or anticipated. Also, 
the time and cost of producing such castings will in 
many cases be far less than producing forgings or fab- 
rications of comparable quality. 

Work reported herein was conducted during the sec- 
ond year of what is planned as a continuing research 
program on the effect of solidification variables on 
mechanical properties of high strength cast steel. The 
program is fundamental in nature, but has the ulti- 
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mate objective of developing the basic information 
necessary to produce steel castings reliably and eco- 
nomically with good ductility at the 300,000 psi 
strength level. Support is from Army Ordinance 
through Rodman Laboratory, Watertown Arsenal. 
Previous publications describe earlier work,!:? and a 
recent report to Watertown Arsenal describes the 
work reported herein in more detail. 

During the first year of this program, a preliminary 
investigation was conducted of the effect of solidifi- 
cation variables on 1) microsegregation, 2) micro- 
shrinkage and 3) inclusion count and distribution. 
An important conclusion was that microporosity (in 
castings which are apparently sound when examined 
by ordinary techniques) is an important factor limit- 
ing ductility of high strength cast steels. Ductility is 
a factor of prime importance in these steels because 
ductility and strength are inversely related. If excep- 
tionally high ductility can be obtained in a given 
steel at a given strength level, then the strength of 
that steel can be readily increased (by changing the 
heat treatment or increasing carbon content) while 
still retaining adequate ductility for engineering 
application. 

Work during the second year, described in this pa- 
per, has dealt extensively with theoretical and experi- 
mental studies of 1) effect of solidification variables 
on casting macrostructure, i.e., columnar or equiaxed 
grains, 2) effect of solidification variables on micro- 
porosity, 3) techniques for careful measurement of 
microporosity in steel castings and 4) effect of struc- 
ture and microporosity on mechanical properties, par- 
ticularly ductility. A low alloy high strength steel 
(A.1.S.I. 4340) was used throughout the study. 


CASTING STRUCTURE, 
MICROPOROSITY AND MECHANICAL 
PROPERTIES 


Casting Structure and Its Effect on 
Mechanical Properties 

While the mechanical properties of castings are us- 
ually (and reliably) isotropic, specialized solidifica- 
tion conditions can produce castings with properties 
that are quite different in different directions. Wal- 
ther, Adams and Taylor‘ investigated casting “fiber” 
in aluminum alloys by performing mechanical tests on 
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materials which were solidified with a wholly colum- 
nar macrostructure. Their work showed that tensile 
strength and ductility were markedly greater for test 
bars taken parallel to the columnar grains than for 
bars tested across these grains. It was concluded that 
the low transverse properties were due to micropo- 
rosity and brittle segregate that lined up between the 
grains during solidification. 

Northcott5 also found anisotropy in copper castings 
which were solidified with elongated columnar grains. 
In this case, the mechanical properties were lowest 
when pulled along the direction of the axis of the 
columnar grains (in contrast to the case of alumi- 
num). The best properties were obtained when the 
structure of the cast material was equiaxed. Tensile 
specimens oriented transversely to the axis of the 
columnar zone showed intermediate strengths. 

It appears that porosity or segregate had little ef- 
fect on mechanical properties in Northcott’s material, 
and the variation in properties with varying structures 
was due solely to crystallographic (or grain boundary 
strengthening) effects. 

Variation of mechanical properties of cast steel with 
type of structure has been investigated by Northcott 
and by Reynolds and Preece.7 Northcott found, in 
the course of an investigation to determine the effect 
of turbulence on solidification structures of plain car- 
bon steel, that the mechanical properties of cast steel 
in the equiaxed zone were inferior to properties in 
the columnar zone. He attributed these lower mechan- 
ical properties to the increased amount of porosity at 
the center of the casting, although no evaluation of 
the amount of porosity was undertaken at the time. 

Reynolds and Preece found slight differences (about 
2000 psi) in strengths between crystals in the equi- 
axed zone and those in the columnar zone; however, 
the ductilities were markedly different. Percentage re- 
duction in area for metal from the columnar zone 
was 47 per cent, compared to 28 per cent reduction in 
area for metal from the equiaxed zone. 


Equiaxed Zone Porosity 

Reynolds and Preece? also related structure to de- 
gree of microporosity, and found the equiaxed zone 
more prone to occurrence of microporosity than the 
columnar zone. It appears that the high reductions in 
area they obtained in the columnar zone were due to 
the low amounts of microporosity in this region. This 
explanation agrees with the findings of Jackson, who 
showed that the degree of ductility increases as the 
amount of microporosity decreases. 

It should be emphasized that the work cited above 
has been conducted on commercial grade steel (70,- 
000 psi); “microporosity” considered was of a more 
gross type than that dealt with in the present investi- 
gation. More recent work has indicated that micro- 
porosity, even in much smaller amounts, is an im- 
portant factor limiting mechanical properties of high 
strength steels.2-9 

The changes produced in the length of the columnar 
zone and the size of the grains in the equiaxed zone 
have been investigated from various standpoints, in- 
cluding the action of grain refining materials, convec- 
tion, turbulence and pouring temperature. Cibula1° 
investigated the effect of grain refining additions to 








aluminum alloys, and showed that the length of the 
columnar zone and grain size of the equiaxed zone 
are both greatly reduced by the addition of grain re- 
fining materials. Gray!1 found that by inserting a chill 
rod in the riser of a top fed casting, the columnai 
zone was reduced. 

This result was attributed to introduction of con 
vection currents due to the chill rod. However, in th 
case of aluminum alloys, Hucke, Adams and Taylor! 
have shown that under steep thermal gradients in 
creasing the degree of stirring increases the tendency 
to form columnar grains. Reynolds and Preece? estab 
lished through the use of stearin wax that a high de 
gree of convection can exist prior to solidification 
Northcott!3 investigated the role of alloying elements 
and their effect on the length of the columnar zone. 
He was able to distinguish experimentally between 
elements which increase, decrease or do not affect the 
length of the zone in copper base materials. 


Factors Affecting Formation of Columnar 
Zone in Steel Castings 

The structure of the columnar zone and the details 
of its formation are of practical, as well as research, 
interest since 1) this structure is commonly found in 
steel castings and 2) the mechanical properties of met- 
al from the columnar zone are usually higher than the 
properties of metal from the equiaxed zone. Require- 
ments for the formation of this zone have been dis- 
cussed by Chalmers,14 Tiller and Rutter,15 Walker! 
and Hucke, Flemings, et al.17 During solidification of 
an alloy, solute is rejected to the liquid by the 
growing solid. 

This rejection results in formation of a boundary 
layer in the liquid (immediately ahead of the grow- 
ing solid) which is richer in solute than the bulk 
liquid composition. Formation of the boundary layer, 
its thickness and factors which affect it have been dis- 
cussed by Wagner.18 An important result of solute 
rejection during solidification is that it depresses the 
freezing temperature (liquidus temperature) of met- 
al in the boundary layer adjacent the growing solid. 
Figure la shows this depression schematically as a 
function of position in the liquid metal. 

It is possible to add to Fig. la the actual tempera- 
ture distribution existing in a solidifying casting. Fig- 
ure 1b shows one possible case. In this example (Case 
I), temperature gradients are steep enough so that 
there is no point in advance of the interface that lies 
below the liquidus temperature at that point. In this 
case, solidification is “plane front;” dendrites do not 
form and the resulting casting is composed of large 
grains completely free of any microsegregation. This 
type of solidification can occur only with extremely 
pure metals or when special techniques are em- 
ployed.17 

If the actual temperature gradient in the casting 
is slightly less steep than that shown in Fig. la, the 
situation shown in Fig. lc (Case II) results. Here, at 
a point in advance of the interface, metal is below the 
temperature at which freezing can occur; the plane 
front of Case II is now unstable and a tendency ex- 
ists for columnar grains (columnar dendrites) to 
reach out into this “constitutionally supercooled liq- 
uid.”15 A discussion is given later in this paper of 








e- 


1] 
y 








hermal and metallurgical factors which 1) promote 
columnar grain formation and 2) lead to breakdown 
of columnar grains with consequent equiaxed grain 
solidification in Fig. 1d (Case III). 


Factors Affecting Formation of Equiaxed 
Zone During Solidification 

The formation of the equiaxed zone has historically 
been the least well understood of the grain struc- 
‘ures found in castings and ingots. In one of the first 
systematic investigations of casting structures, Scheil!® 
was unable to explain the formation of the central 
zone of equiaxed grains. He referred to it as abnormal 
nucleation, since it did not agree with the laws of crys- 
tallization set forth by Tammann.2° He recognized 
that nuclei must be present in the central portion of 
the casting, since grain refinement in this region was 
found to result from inoculation treatments, reduc- 
tion in pouring temperature and reduction of mold 
temperature. 

He also found a marked reduction in the length of 
the columnar zone as pouring temperature and mold 
preheat temperature were decreased. He offered two 
possible explanations for these observations 1) that 
the nuclei were the result of movement of particles 
away from the growing solid and 2) that the grain re- 
finement was related to what we now call “constitu- 
tional super-cooling,” the building up of low melting 
point liquid around a solid which inhibits further 
growth of the solid. 

Scheil’s first concept had (and still has) merit for 
understanding certain nucleation phenomena. His 
idea was supported by his experiments with vibration 
which were found to refine the grain size. Genders?! 
suggested this refinement results from the fracture of 
dendrites, although other explanations (Friedman and 
Wallace?2.23) are possible. Also, Papapetrou2* sug- 
gests secondary branches of dendrites may be removed 
from the main spine by solution at the base of the 
secondary branches. 

Consideration of Scheil’s second concept above leads 
immediately to reconsideration of the boundary layer 
theory outlined earlier, and sketched graphically in 
Fig. 1. Briefly, when the temperature gradients in a 
solidifying casting are relatively shallow (Fig. 1d, Case 
III) the degree of supercooling may be sufficient that 
nucleation occurs ahead of the interface and an equi- 
axed grain structure results. The amount of super- 
cooling necessary to achieve this nucleation depends 
on the state of the metal bath, i.e., presence or ab- 
sence of impurities, grain refiners or the application 
of such external factors as vibrations. 


Summary of Metallurgical and Thermal Factors 
Affecting Solidification Structure of Cast Metals 

Based on the preceding discussion and on pertinent 
references,14-15 it is possible to delineate the factors 
which, if wholly controlled in steel castings, could re- 
sult in completely controlled grain structures. With 
reference to Fig. 1, the following procedures will in- 
crease the columnar zone in steel castings: 


1) Increase the steepness of the temperature profile. 
i.e., introduce steep temperature gradients by chill- 
ing and/or application of insulation or heat. 

















e liquidus f 

S / 

3 / 

: lI 

3 

4 

Distance from 
liquid-solid interface (b) 
(a) 

















———— 

(c) (d) 
Fig. 1— Conditions for the formation of cast struc- 
tures — a) depression of the liquidus temperature 


adjacent to the solid-liquid interface as a result of 
solute rejection during solidification, b) steep tempera- 
ture gradients (dotted line) result in absence of con- 
stitutional supercooling and plane front solidification, 
c) less steep temperature gradients produce small 
amount of constitutional supercooling and result in for- 
mation of columnar dendrites and d) shallow tempera- 
ture gradients produce larger amount of constitutional 
supercooling and equiaxed grains form. 


2) Decrease steepness of the liquidus profile. This can 
be done experimentally by such techniques as 
stirring, slow solidification or alteration of analy- 
sis.17 

3) Decrease amount or availability of potential nu- 
clei. 


Essentially, the above delineation comprises the 
foundation for the experimental work described here- 
in. Work consisted of alteration of cast structures by 
the procedures listed above (primarily by control of 
the temperature profile during solidification and by 
control of available nuclei); physical and mechanical 
properties of the castings produced were then exam- 
ined. 


PROCEDURE 


General 


Three types of castings (plates, solid cylinders and 
step wedges) were gated, risered and chilled in sev- 
eral ways to produce variations in macrostructures, 
feeding conditions and freezing rates. Each casting was 
subjected to the following program: 


1) The macrostructure was examined by sectioning 
and etching with a neutral solution of copper am- 
monium chloride. 

2) The mechanical properties of heat treated samples 
from various locations were measured by tensile 
and impact testing. 

3) A microradiographic survey was made of the 
amount of microporosity existing at various lo- 
cations. 








350 


TABLE 1— EXPERIMENTAL MATERIALS 
AND PROCEDURE 








Alloy a Element %, 
eet aR Ae CE Ee 0.40 
ER re eae 0.80 
ae ed ae 0.30 
ae ER 0.80 
BMS cnt ch ccaean peree 1.80 
AP ee eee rs t 0.25 
Or vty wed soe less than 0.1 
Re eee less than 0.1 
Mold Material — No. 80 Silica Sand, Ib. ..100 
Scenes warded 0.5 
WG <cwsunsaneare 0.5 
West. Bentonite, Ib. ..... 4.0 
See ae oo sa de a agi eee 


Exothermic Material — Proprietary nonmetal producing exother- 
mic material, mulled, rammed and 
baked at 600 F overnight. 

Macrostructure 





Etchant — 120 grams Cupric Ammonium chloride 
dissolved in 1000 cc water. 
Heat 

Treatment — Temp., Time, 
F hr. Quench 
SS 5 stick 2 3 Air cool 
aes 3 Air cool* 
UE n.d Sato ach 3 Furnace cool to 1400 F 
are 2 Oil quench 
OP geosdeetie ase 2 Water quench 
Ceres 2 Water quench 


*Samples were shot blasted after this treat- 
ment to remove scale. 





All experimental heats were of low alloy, high 
strength steel (A.1.S.1. 4340). Castings were produced 
in green sand molds. Chills and/or exothermic in- 
serts were used where required. Pertinent information 
regarding nominal analysis, mold material, etchant 
and heat treatment is given in Table 1. Table 2 
presents chemical analysis data for all heats. 


TABLE 2— CHEMICAL ANALYSIS OF 
EXPERIMENTAL HEATS 


Element, Wt. % 











Heat Casting GS ae Mn Cr Ni Mo P S 
A Cylinders 0.41 0.30 0.69 0.79 1.91 0.24 0.008 0.012 
B Cylinders 0.37 0.31 0.87 0.80 1.88 0.25 0.010 0.008 
Cc Cylinders 0.40 0.40 0.82 0.85 1.77 0.25 0.007 0.015 
D_s*Piate 0.38 0.32 0.72 0.87 1.87 0.25 0.007 0.009 
E Step Wedge 0.40 0.31 0.99 0.97 2.27 0.27 0.009 0.011 
F Step Wedge 0.40 0.28 1.01 0.80 2.03 0.24 0.005 0.012 


AimAnalysis 0.40 0.30 0.80 0.80 1.80 0.25 —— —— 





Melting Practice 

Melting was carried out in a magnesia-lined induc- 
tion furnace of 300 Ib capacity. Electrolytic iron, fer- 
romolybdenum and electrolytic nickel squares were 
initial charge materials. At meltdown, ferrosilicon con- 
taining approximately 50 per cent silicon was added 
to the melt. Carbon was then introduced in the form 
of a master alloy of high purity iron containing 4.2 
per cent carbon. Chromium was added as ferro- 
chrome. 

The melt was heated to 3020F, ferromanganese 
added, and poured at 3100F into a preheated mag- 


nesia-lined ladle containing a proprietary calcium. 
manganese silicon deoxidizer (0.4 weight per cent); 0.1 
weight per cent aluminum was added to the ladle 
when two-thirds of the heat had been tapped. Tem- 
peratures during melting were measured with an 
optical pyrometer; ladle temperatures were measured 
with an immersion thermocouple (platinum-platinum 
13 per cent rhodium). 


Microradiography 

The technique of microradiography consists in 
placing a thin sample in the beam of x-rays and col 
lecting the transmitted image on photographic film 
Generally, the photographic film is placed in direct 
contact with the sample so a one-to-one correspondence 
is obtained. However, the sample may be removed 
some distance from the photographic emulsion, and 
the image enlarged directly. Trillat25 has reviewed the 
fundamental aspects of this technique and its value 
for many types of investigations. The more important 
factors, as related to the study of microporosity in 
castings, are given here. 





conditions for mi- 
croradiography. X; 


G 
is plate thickness X; Xo |G, 
and Xo is thick- | g 


Fig. 2—-Geometric | 


ness of void (or 
second phase). 





I, Ip 


Figure 2 points out the essential geometric condi- 
tions whereby microradiography is able to distin- 
guish a second phase (or microcavity) in a material. 
Consider a beam of x-rays of intensity I, falling on a 
sample of thickness X; containing a second phase of 
thickness X,. The absorption coefficient of the homo- 
geneous material is », and the absorption coefficient 
of the second phase is y,. The ratio of the intensity of 
the transmitted ray through the homogeneous materi- 
al (1,) to the intensity of the ray transmitted through 
the second phase (I,) is the photographic contrast 
and is given by: 


I,/1, = exp {(y1 — p2) Xo} (1) 


If the second phase is a microcavity, then p, is equal 
to zero so that equation (1) reduces to: 


I,/1, = exp (wu: Xz) (2) 


Therefore, the choice of radiation on the basis of 
absorption coefficient is not of major importance in 
determining amounts of microcavities. However, it 
is desirable from a practical standpoint to allow yp, 
to be as small as possible in order to reduce exposure 
time and the possibility of scatter. 

In the identification of a second phase, radiation 
wave length is important to obtain qualitative and 








quantitative measurements. A plot of the linear ab- 
sorption coefficient of a particular element shows:a 
discontinuity at the absorption edge of the material. 
If a sample is x-rayed twice, once with radiation cor- 
responding to a wave length where the absorption 
oefficient is high, and again with radiation where 
the absorption coefficient is low, then the sign of 
the difference between ,», and yp», is changed. 

That is, in the first case the second phase appears 
light and in the second case the second phase appears 
dark. With the aid of published values of absorption 
coefficients, positive identification can be made. Such 
information for inclusions found in steels has been 
published by Homes and Gouzou.?6 


Photographic Film for High Magnifications 


The choice of photographic film becomes impor- 
tant when high magnifications are considered. Since 
the négatives may be enlarged up to 500 times, the 
grain of the film can obscure the desired results. 
Engstrom and Lindstrom27 have discussed the suit- 
ability of various types of emulsions for microradio- 
graphic use. Excellent emulsions include films and 
spectroscopic plates which have a resolving power of 
about 1,000 lines/mm. Unfortunately, films or plates 
which possess such high resolving power are extremely 
fine grained and, as a result, film speed is low. This 
factor results in extremely long exposure times. When 
magnifications of the order of 50 times are required, 
contrast process films are desirable since they require 
relatively short exposure times. 

Perhaps the chief drawback to the microradiographic 
technique is the difficulty of preparing suitable test 
pieces. It is necessary that the specimen be thin (the 
order of 0.005 in. thick for the precision aimed for 
in this study), have good metallurgical polish on 
both sides and parallel faces. Several methods have 
been suggested for preparation of these samples.28.29 
Michael and Bever?§ prepared thin samples for 
autoradiography by mounting them in Lucite and 
machining them on a lathe. This method has the 
advantage of speed; however, the final machining 
operation is difficult since the specimens are fragile. 

In this work, the requirements that the samples 
must be thin, smooth and flat were met by the fol- 
lowing procedure. Specimens were mounted to 
a steel block with an epoxy resin mixture (Table 3). 


TABLE 3— EPOXY RESIN MIXTURE 





Shell Epony Resin, mi ......... 2252600605 ..10 
Hexahydrophthalic Anhydride, ml ........... 11.5 
| ree eerere es errr yr eee 0.04 





The samples were ground to a thickness of about 
0.010 in., removed and remounted on a special sample 
holder similar to that suggested by Sharpe.?% This 
holder consists of a large screw, 114-in. in diameter, 
in the center of a 2 in. square block. 

After polishing the surface of the sample to an 
excellent metallographic finish, the sample is removed 
and the process repeated on the opposite surface. By 
placing the samples in the output of an x-ray tube 
such as the type employed for Laue photographs, an 
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image of the microporosity can be obtained. Table 4 
gives the pertinent x-ray data. 


TABLE 4— X-RAY DATA 





Sample Thickness, in. ..... .0.005 

Film to Source Distance, in. 18 

Pivci orcad dadce sys hae ..Contrast process ortho 
Coe | eee eT Copper target 
WES TE asp we vane codes 40 

Current, milliamps ........ 7 

yg ree may ee 5 





The amount of microporosity was evaluated by plac 
ing a grid on the radiograph and counting the num 
ber of squares in which micropores were found. The 
amount of microporosity was then determined as: 


no. squares containing micropores X 100 


amount = 
total no. squares 





This method of rating microporosity results in a 
“per cent microporosity” that is considerably magni- 
fied with respect to true volume per cent. The magni- 
fication comes from the fact that the method, in effect, 
measures the relative area of microporosity, but does 
so on a specimen of finite thickness. The actual magni- 
fication probably depends somewhat on pore size as 
well as on experimental technique. 


EXPERIMENTAL RESULTS 


Cylinder Castings 

A study was made of the effect of solidification 
variables on the structures of solid cylinder castings 
(4 in. diameter by 4 in. high, top risered). Three cast- 
ings were poured from each heat, all from a common 
gating system (Fig. 3). Various techniques were em- 
ployed to modify the structure of these cylinders, in- 
cluding 1) chill in the riser, 2) bottom chill, 3) vi- 
brated chill in the riser, 4) vibrated steel box in the 
ingate and 5) unvibrated steel box in the ingate. Ta- 
ble 5 lists the heats poured and techniques employed 
to modify cast structures. In each heat a “standard” 
casting was poured with no treatment, for reference 
purposes. Macrostructures of the test castings were ex- 
amined by etching vertical sections. Mechanical prop- 
erties were determined by cutting test bars from loca- 
tions shown in Fig. 4. Microporosity ratings were de- 
termined by point counting microradiographs. 

All cylinder castings produced without special treat- 
ment (except for use of rice hulls on the risers) 
showed a relatively coarse, equiaxed grain struc- 
ture throughout. Bottom chilling resulted in a colum- 
nar zone approximately 114-in. long. Chilling also re- 
fined the size of the equiaxed grains slightly. A marked 
refinement of these equiaxed grains resulted when a 
chill rod was placed in the riser; this result was re- 
peated in Heats5 A and B. 

Figure 5 shows the macrostructures of the three cast- 
ings of Heat B, and illustrates 1) the chill rod in the 
riser effects significant grain refinement and 2) vibrat- 
ing this rod has no additional grain refining effect 
(over the unvibrated rod). Consideration of the 
causes of this refinement has led to the conclusion that 
it is the result of nuclei formation in the region of the 
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TABLE 5— CYLINDER CASTING TREATMENT 





Heat No. Casting No. Design Variable 





A l 34-in. steel rod, 2 in. long placed in 
the top of the riser. 

2 3 in. diameter cylindrical steel chill 
placed on bottom surface of the cast- 
ing. 

3 standard gating system. 

B l %4-in. steel rod, 2 in. long with an air 
vibrator placed in the top of the riser. 

2 %4-in. steel rod, 2 in. long placed in 
the riser. 

3 standard gating system. 

C l 2 x 2 x 4 in. steel box placed in the 
ingate with an air vibrator attached 
to the box. 

2 2 x 2 x 4 in. steel box placed in the 
ingate. 

8 standard gating system. 


All heats were poured at a temperature of 2850 F. 





HEAT A 


HEAT 8B 









standard 






HEAT C 





vibrating 


stee/ runner box -tee/ runner bor 


Fig. 3 — Gating arrangement for cylinder castings ex- 
periment. 











Fig. 4 — Cylinder 


casting design 
showing test bar 
locations. 











chill rod, and the subsequent settling of these nuclei 
under the influence of gravity. This has been discussed 
in detail in the report on which this paper is based.* 

Agitation of the liquid steel immediately prior to en- 
tering the mold cavity resulted, surprisingly, in grain 
coarsening. This “denucleating” effect is seen by com- 
paring the structure of the casting C-1 to the struc- 
tures of other castings from the same heat (Fig. 6). 
The columnar zone of casting C-1 is extremely coarse, 
and grains in the central portion are the largest 
grains found in any of the experimental castings. 
Large grains of this sort are characteristic of high pour- 
ing temperatures and/or slow cooling rates. Since the 
grain size of the two other castings poured in the same 
mold do not exhibit such coarsening, it must be con- 
cluded that the grain coarsening was the result of vi- 
bration. 


Mechanical Testing 

Results of mechanical testing (Table 6) show that 
yield and tensile strengths are not affected by small 
amounts of microporosity. Slight changes in strengths 
from heat to heat probably result from small varia- 
tions in carbon content. However, there is a marked 
effect of microporosity on ductility. Low amounts of 
microporosity result in high values of ductility. For ex- 
ample, in one test bar cut from extremely sound met- 
al (0.38 per cent porosity), reduction in area was 27 
per cent. In a less dense region of the same casting 
(1.34 per cent porosity), reduction in area fell to 5.5 
per cent. 

These values were taken from the test casting A-2, 
a bottom-chilled casting. The chill, by increasing ther- 
mal gradients, enhanced feeding at the bottom of the 
casting. Table 7 summarizes data showing the relation 
between microporosity and reduction in area for the 
cylinder castings. 

Grain refinement (and grain coarsening) achieved 
in this phase of the study had no apparent effect on 

















Casting B-1 — 
Vibrated chill rod 
in the riser. 


Fig. 5— Macroetched vertical sections from cylinder 
castings. Castings B-1 and B-2 show grain refinement. 


mechanical properties, including elongation and re- 
duction in area. Refinement resulting from the chill 
rod in the riser did appear to reduce porosity some- 
what (0.90 per cent compared to 1.00-1.30 per cent in 
the comparison casting). However, this reduction was 
not sufficient to affect ductility significantly. 

Impact data (Charpy impact, —40 F) were obtained 
froma number of the cylinder castings described here- 
in. Results ranged from 5 to 12 ft-lb and averaged 9 
ft-lb. No correlation could be found between impact 
properties and microporosity. 


Plate Casting Experiments 


A series of plate castings of various lengths were 
poured. The plates were 14-in. thick and 5 in. wide 
and were end-risered (Fig. 7). Plates were cast of 5, 
3 and one in. lengths. One series of plates were chilled 





Casting B-2 — 
Chill rod in 
the riser. 





Casting B-3 — 
Standard 
comparison. 


at the end opposite the riser, whereas a second com- 
parison series were cast unchilled. 

As a result of careful examination of the amount 
of microporosity present along the lengths of the plates 
(by the microradiographic technique described), and 
correlation of this porosity with location in the plate 
and with mechanical properties, Figs. 8 and 9 were 
prepared. More complete results are presented in Ta- 
ble 8. Major conclusions to be gained from these data 
are 1) a definite correlation exists between micropo- 
rosity and ductility in the plate castings and 2) ten- 
sile and yield strengths are relatively unaffected by 
microporosity (in amounts studied). 

In all plates, chilled and unchilled, only small 
amounts of microporosity were present in the vicin- 
ity of the plate end. However, this porosity increased 
with increasing distance along the plate. Figure 8 pre- 
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Casting C-1 — 
Vibrated chill box 


in the gate. 


Casting C-2 — 


Chill box 


gate. 


in the 


Casting C-3 — 
Standard compari- 








son. 
ita 3 ets sae an er 
Fig. 6 — Macroetched vertical sections from cylinder castings (only 
one side of each casting is shown). Casting C-1 shows grain coarsening. 
TABLE 6— MECHANICAL PROPERTIES OF CYLINDER CASTINGS 
YS. Red. in 
0.2% offset TS., Elong., area, 
No.* Treatment Structure Loc.** lb/in.2 1b/in.2 % % 
A-l chill rod fine grain l 228,500 277,500 7.9 16.1 
in the riser size in the 3 225,000 271,500 7.1 13.0 
center zone 5 224,000 267,500 4.3 5.5 
A-2 chill on columnar zone l 218,000 270,000 10.7 27.0 
the bottom on the bottom 3 219,500 271,000 6.4 13.0 
region 5 224,000 272,000 3.6 5.5 
coarse grains Ft 232,700 281,000 4.0 5.5 
A-3 comparison in the center 3 218,000 272,500 5.0 7.1 
standard zone 5 223,500 273,000 4.3 6.0 
B-1 vibrated chill fine grain 2 203,000 253,000 2.9 4.9 
rod in riser size in the + 204,000 255,000 3.6 6.0 
center zone 6 205,000 225,000 1.4 2.2 
B-2 chill rod fine grain 2 219,000 260,000 4.3 8.2 
in the riser size in the + 215,400 259,900 4.0 5.5 
center zone 5 215,000 253,600 5.0 8.8 
B-3 comparison same as l 211,000 258,000 4.3 10.9 
standard A-3 2 215,000 258,000 4.3 9.3 
3 215,000 254,000 2.1 44 
+ 217,000 258,800 3.0 4.2 
5 219,500 264,600 5.0 5.6 
6 216,000 252,000 2.0 2.6 
C-l vibrated chill coarse l 211,000 265,000 3.6 3.8 
box in the grains 3 208,000 250,000 1.4 1.6 
gate 5 209,000 263,000 4.3 7.1 
¥ 215,000 274,000 2.9 5.5 
C-2 chill box same as 2 211,000 266,000 4.3 7.6 
in the gate A-3 4 217,000 264,000 3.6 6.6 
6 204,000 252,000 2.9 4.4 
T 206,250 260,000 3.6 9.3 
C-3 comparison same as 2 207,000 264,000 5.0 6.6 
standard A-3 + 206,000 263,000 2.9 3.3 
 y 211,000 268,000 2.9 4.9 


*Letter refers to the heat, number to casting. All castings in a single heat were cast in the same mold. 


**Number refers to Fig. 4. The letter 
the outside of the cylinder. 


“T” indicates a bar cut from the casting transverse to the other bars from a region at 














TABLE 7— MICROPOROSITY SURVEY ON 
CYLINDER CASTINGS 








Red. in 

Porosity, Area,** 
Casting Location* % % 
Bs bahogs tiki he l 0.84 16.1 
BR schkes sede sad 2 0.90 13.0 
<a aietin seas 1 0.38 27.0 
MAMl as ow end ci en 3 0.53 13.0 
tA a Yew ioesersd 6 0.13 5.5 

ME saitces iad eos 1 1.17 

OP ey eee 2 1.34 7.1 
GEE ae ee 6 1.00 6.0 
eR ctw hace 2 0.90 4.9 
Ss Fis ohee hela 4 0.91 6.0 
ae Ee ae 6 1.28 2.2 
eS 2 0.51 3.8 
MEE + sacins Seo eae 6 2.12 7.1 
MG a: diiv.c Sith deta wed 1 0.70 7.6 
+ SS eo 3 0.67 6.6 
De canoe Wee nae ae 5 0.81 4.4 


*Refer to Fig. 4. 
**Value taken from test bar nearest indicated location. 





sents data for two typical plates (3 in. long). In an 
end-chilled plate microporosity was essentially zero 
near the plate end and increased to one per cent 2 
in. from the end. In an unchilled plate micropo- 
rosity was essentially zero near the plate end but in- 
creased to 3 per cent 2 in. from the end. 

Elongation and reduction in area generally de- 
creased with increasing microporosity, while tensile 
and yield strengths were relatively unaffected. Values 
of reduction of area as high as 40 per cent were ob- 
tained near the end chill. 


O—— CHILLED PLATE 
Om UNCHILLED PLATE 
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Fig. 8— Summary of mechanical properties for 3 in. 
plate castings, heat D. 
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BLIND RISER 
3"d.x3"h. 
















COPPER CHILL 
2.5"sq.x 5" 





Fig. 7 — Design of plate casting. 


Nondestructive Radiography 


All plates cast in this study were apparently sound 
when examined by conventional nondestructive radio- 
graphy. This was expected (except possibly for the 5 
in. long, unchilled plates) from data on feeding dis- 
tances in steel castings.2 None-the-less, the presence 
of microporosity was evident in all plates when ex- 
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4 Chilled Plate 
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Fig. 9—Summary of microporosity data for %2-in. 
plate castings (each point represents an average of from 
2 to 4 different castings). 








356 


TABLE 8 — PROPERTIES OF PLATE CASTINGS 














Plate YS. Red. in Micro- 
length, 0.2% offset U.TS. Elong., Area, porosity, 
Description in. Location! Ib/in.2 Ib/in.2 % % % 
unchilled 1 0.5 216,000 262,000 5.7 15.6 0.90 
chilled 1 Bn 216,000 264,000 7.9 27.0 0.10 
unchilled 3 0.5 218,000 266,500 5.0 10.9 0.00 
unchilled 3 1.5 216,000 262,000 2.1 5.5 0.71 
unchilled 3 2.5 211,000 246,000 0.7 3.8 3.22 
chilled 8 0.5 211,000 257,500 9.3 38.9 0.14 
chilled 3 1.5 216,000 264,500 5.0 14.0 1.05 
chilled 3 2.5 215,000 262,000 3.6 11.9 2.89 
unchilled 5 0.5 216,000 265,000 2.1 3.8 1.05 
unchilled 5 1.5 _ — _ — 6.35 
unchilled 5 2.5 213,000 242,000 0.7 3.3 3.54 
unchilled 5 3.5 214,000 261,000 3.6 6.0 6.94 
unchilied 5 4.5 216,000 258,000 1.4 4.4 4.33 
Additional Microporosity Survey in Plate Castings* 
Distance from Plate End, in. 

Plate Length 0 1 2 3 4 5 

unchilled 1 0.68 

chilled l 0.25 

unchilled 3 0.11 0.97 3.46 3.60* 

chilled 3 0.21 0.52 1.90 2.89* 

unchilled 5 0.04 2.04 6.47 6.53 5.89 4.33* 

chilled 5 0.11 3.73 4.77 6.39 4.20 


*All numbers except those with asterisks represent averages from two to four different plates. 
These data include additional castings over the castings reported above. 





amined by careful microradiographic techniques. Fig- 
ure 9 summarizes microporosity data obtained from 3 
and 5 in. plates (chilled and unchilled). Each of the 
points on Fig. 9 is the average of data from two to 
four different microradiographs. 

It should be remembered that “per cent micropo- 
rosity” in Figs. 8 and 9 is greatly magnified quantity 
with respect to true volume per cent, due to the 
specialized experimental method employed in this 
study (point counting of microradiographs). 

Figures 8 and 9 illustrate that it is extremely diffi- 
cult to feed a steel casting to complete soundness. As 
thermal gradients are decreased from high values (sev- 
eral hundred degrees F/in.) the amount of fine 
microporosity increases gradually. The type of micro- 
porosity detectable by microradiography was elimi- 
nated only in regions of the casting 1) close to a cast- 
ing edge or 2) in the vicinity of a chill. The increased 





Fig. 10 — Design of step wedge castings. 


thermal gradients near a riser reduced porosity but 
did not eliminate it. 

This microporosity, while probably of little signif- 
icance in steel castings at lower strength levels, is of 
major importance in determining ductility of metals 
at the higher strength levels studied herein. 

Impact data (Charpy impact, —40 F) were obtained 
from each of the plate castings described. Results 
ranged from 6 to 13 ft-lb, and averaged 9 ft-lb. No 
correlation could be found between impact proper- 
ties and microporosity. 


Step Wedge Castings 

A series of step wedge castings were prepared to 
further investigate the influence of solidification rate 
and casting section size on structure and properties 
(Fig. 10). Individual step wedges were cast in green 
sand and with various combinations of sand, chills 
and exothermic materials. Table 9 summarizes these 
treatments. 

When a copper chill was used as mold material in 
the drag, and exothermic material in the cope, col- 
umnar grains grew throughout the entire 2 in. section 
(Fig. lla). The exothermic material, burning at ap- 
proximately the temperature of molten steel, acted as 
an essentially perfect insulator on the cope surface, 
and all solidification occurred from the drag face di- 
rectionally upwards. When the drag was of sand and 
cope of exothermic material, thermal gradients were 
less steep; the columnar zone ceased to propagate ear- 
lier and a structure of coarse columnar grains plus 
equiaxed grains resulted (Fig. 11b). 

When castings were poured without the exothermic 
material, using sand on all faces, solidification oc- 
curred from cope and drag at roughly similar rates, 
and structures were generally composed of both equi- 
axed and columnar grains. The lengths of the col- 





umnar grains in each casting were dependent on the 
iteepness of the thermal gradients introduced by the 
various treatments. Figure 12 shows typical sections 
rom each of the four castings which were produced. 

Values of elongation and reduction in area showed 
trong dependence on casting treatment and test bar 
iocation. In general, these properties were higher in 
astings, or portions of castings, which solidified under 
steeper thermal gradients. For example, the highest 


TABLE 9— STEP WEDGE CASTING TREATMENTS 


Mold Surface Treatment 











Heat Casting Bottom 
Number Number Top Surface Surface 
E 1 green sand green sand 
E 2 green sand copper chill 
F l exothermic material sand 
one in. thickness 
F 2 exothermic material copper chill 


one in. thickness 


All castings were poured at 2850 F. 





reduction in area obtained in the castings (35.4 per 
cent) was in a thin section (14-in. thick), solidified in 
a mold that had a copper chill drag and exothermic 
cope. Table 10 summarizes mechanical properties ob- 
tained. 

In the step wedges as in other types of castings 
studied steep thermal gradients resulted in reduced 
microporosity, as well as in the differences noted 
above (columnar grains, improved ductility). For 
example, in one well fed region near a chill observa- 
tions were 1) columnar grains, 2) low microporosity 
(essentially 0 per cent) and 3) high ductility (24.6 per 
cent reduction in area). In a location solidified under 
gradients that were much less steep, observations were 
1) equiaxed grains, 2) high microporosity (1.60 per 
cent) and 3) low ductility (4.4 per cent reduction in 
area. 


Structure, Microporosity and Mechanical Properties 


Experimental results obtained in this study indicate 
the ductility of cast high strength steel is strongly de- 


357 





Fig. 11 — Macroetched vertical sections of step wedge 
castings, 2 in. thick sections. A (top) — Exothermic 
top surface, copper bottom surface. B (bottom) — 
Exothermic top surface, sand bottom surface. 





pendent on casting structure. Test bars from columnar 
regions of castings are extremely ductile at the high 
strengths studied (even though the test bars are cut 
transversely across the columnar grains). Test bars 
from metal with equiaxed grains are much less 
ductile at the same strength level. In all castings 
produced, the incidence of microporosity was much 
higher in the equiaxed zone of the castings than in 
the region of columnar grains. 

There appears to be no intrinsic reason why. prop- 
erties across columnar grains should be higher than 
those across equiaxed grains. The major cause of the 
lower properties in the equiaxed region is much more 
likely to be extrinsic to the grains themselves, and to 
be due to the increased amount of microporosity in 





TABLE 10— PROPERTIES OF STEP WEDGE CASTINGS 











Structure 
Section Description YS. Red. in 

Mold Surface Thick., at location 0.2% offset TS. Elong., area, 

Heat cope drag in. of test bar Ib/in.2 Ib/in.2 % % 
E sand sand 0.5 coarse columnar 211,000 262,500 3.6 13.0 
sand sand 1.0 coarse columnar 205,000 265,000 2.9 76 

sand copper 1.0 fine columnar 225,000 270,000 4.3 17.6 

F exothermic sand 0.5 coarse columnar 201,000 260,000 5.7 13.5 
exothermic sand 1 coarse columnar 205,500 265,000 2.9 4.4 

exothermic sand 2B* coarse columnar 208,000 270,000 43 6.0 

exothermic sand 2M* equiaxed — 202,7001 0.0 0.0 

exothermic chill 0.5 fine columnar 217,000 266,000 10.0 35.4 

exothermic chill 1 fine columnar 209,000 257,0001 0.0 0.0 

exothermic chill 2B* fine columnar 205,500 268,000 9.3 24.6 

exothermic chill 2M* fine columnar 212,000 269,000 9.3 27.5 

exothermic chill 2T? fine columnar 209,000 261,000 6.4 27.0 


1 Broke in the threads. 
*Letter refers to location in 2-in. section — B = bottom, M = middle, T = top. 
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this region. Other factors might also contribute, such 
as (primarily) a change in amount or shape of inclu- 
sions. However, in the relatively clean, high purity 
metal used for these studies, no significant change in 
inclusions could be found in the various castings. 
Microporosity is lower in the columnar regions of 
the castings studied in this work, because the condi- 
tions which promote columnar grain formation are the 
same as those which lead to good directional solidifi- 
cation and feeding. Steep thermal gradients produce 
sound metal and at the same time favor columnar 
grain formation (especially in steel castings). When 
thermal gradients are shallow, equiaxed grains are 
more likely to form, the feeding is more restricted 
through the resultant narrow interdendritic channels. 
The interdendritic nature of microporosity is shown 
in Fig. 13, a microradiograph enlarged 50 X. It is 
also shown in the typical microradiograph of Fig. 14. 
The relationship of microporosity to ductility for 
all castings produced in this investigation is summa- 
rized in Fig. 15. Reduction in area is plotted because 
this quantity is most sensitive to changes in per cent 
porosity. When microporosity (as measured by the 
technique employed) is less than 0.50 per cent reduc- 





C — Exothermic top surface, copper bottom 
surface. 


D — Exothermic top surface, sand bottom sur- 
face. 


E — Sand top surface, copper bottom surface. 


F — Sand top surface, sand bottom surface. 


Fig. 12 — Macroetched vertical sections of step 
wedge castings, one in. thick sections. 


tion in area, values of up to 40 per cent can be ob- 
tained. When microporosity is above one per cent, 
maximum reduction in area is about 10 per cent. With 
few exceptions, small amounts of microporosity are as- 
sociated with good ductility, and large amounts of 
microporosity are associated with poor ductility. 


CONCLUSIONS 


A general discussion is presented on the effect of 
solidification variables on casting structure, and the re- 
lationship of casting structure to mechanical proper- 
ties. This discussion is oriented towards steel castings. 

A technique for preparing thin samples (approxi- 
mately 0.005 in. thick) for microradiographic exam- 
ination was developed and is described. Techniques of 
radiographing thin samples of steel to determine the 
amount of microporosity are discussed. The microra- 
diographic technique was found especially valuable 
for measuring the amount of microporosity in steel 
castings. 

A series of solid cylinder castings was poured to in- 
vestigate the effect of solidification variables on struc- 
ture. The presence of a chill on the bottom surface 
produced a columnar zone and a region relatively free 











Fig. 13 — Microradiograph showing interdendritic 
nature of microporosity. Porosity is black. 50 X. 


of microporosity. Mechanical properties from the col- 
umnar region, as compared with typical properties 
from equiaxed regions of the cylinder castings were: 








Yield Tensile Red. in 
Strength, Strength, Elong., area, Micro- 
Region psi psi % % porosity 
Columnar Chill 
Zone 218,000 270,000 10.7 27.0 0.38 
(transverse to 
grains) 
Typical, Equi- 
axed Zone 218,000 272,500 5.0 7.1 1.17 
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Microporosity (Per Cent) 
Fig. 15 — Relationship between reduction in area and 
microporosity. 


A steel rod placed in the riser of a solid, cylindrical 
casting resulted in substantial grain refinement of the 
equiaxed zone of crystals. Vibrating the chill rod did 
not increase the refinement above that noted with the 
chill rod alone. Gravity settling of crystals formed in 
the region near the chill rod appears to be the ma- 
jor grain refining mechanism. There was no improve- 
ment in mechanical properties detected as a result of 
the grain refinement achieved. 

A “denucleating” effect was observed in a casting 
that was gated through a vibrating steel box. 

A series of plate castings (14-in. thick) were pro- 
duced to study the effect of plate length and chill- 
ing on microporosity and mechanical properties. Val- 
ues as high as 260,000 psi ultimate tensile strength, 
220,000 psi yield strength and 40 per cent reduction 
in area were obtained near a chill (where micropo- 
rosity was essentially zero). Microporosity was found 
to increase 1) if the plate was not chilled and 2) with 
increasing distance from the plate end (chilled or un- 
chilled). Mechanical properties, particularly reduction 


Fig. 14— Typical microradiographs. Microporosity is 
black. Approx. 12 X. A (top, left) —3.50 per cent 
microporosity. B (bottom, left) — 0.85 per cent micro- 
porosity. C (below) — 0.20 per cent microporosity. 
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in area and elongation, decreased with increasing mi- 
croporosity. 

Effects of solidification rate and section size were 
investigated in step wedge castings. This series of ex- 
periments showed that castings could be produced with 
excellent mechanical properties throughout a 2 in. 
thick section, provided steep thermal gradients were 
maintained. By the use of exothermic materials on 
one surface and a copper chill on the opposite sur- 
face, columnar grains were grown throughout a 2 in. 
section. Properties from one such casting as compared 
with those from a similar casting solidified in a sand 
mold are: 








Yield Tensile Red. in 
Strength, Strength, Elong., area, Micro- 

Region psi psi % % porosity 
Columnar zone 205,500 268,000 9.3 24.6 0.00 
(chill drag and 
exothermic cope) 
Equiaxed zone, 
sand cope and 205,000 265,000 2.9 7.6 1.60 


drag 





A correlation was made between microporosity ex- 
isting in various locations of all the test castings ex- 
amined, and the ductility of material from these loca- 
tions. When microporosity is less than 0.50 per cent 
(this percentage is not a true volume per cent, but a 
magnified volume per cent determined by the special 
technique employed), then values of up to 40 per cent 
reduction in area can be achieved in high purity. 
A.L.S.I. 4340 steel heat treated to a strength level of 
250,000 to 300,000 Ib/sq in. 

A relationship was found to exist between -the as- 
cast structure of steel castings and susceptibility to 
microporosity. Substantially more porosity was found 
in equiaxed areas of steel castings than in columnar 
areas. It is shown herein that conditions for the for- 
mation of a columnar zone (steep temperature gra- 
dients) are identical to the conditions for excellent di- 
rectional solidification and feeding. 
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ABSTRACT 


Selection criteria for dust and mist collection equip- 
ment are outlined. From these it is seen that a wide 
variety of collector types is necessary and that no single 
type is appropriate for all applications. The six general 
categories of collection equipment available commer- 
cially (settling chambers, inertial separators, cyclones, 
filters, electrical precipitators and scrubbers) are dis- 
cussed in terms of principles of operation, general de- 
scriptions, advantages and limitations. Included is a 
table of approximate collector characteristics which lists 
cost, smallest particle size collected, pressure drop and 
power requirement for each collector type. 


INTRODUCTION 


In the foundry industry, dust collectors have been 
utilized for many years as standard equipment on 
a number of operations. Rare is the case in which 
casting cleaning, shakeout or grinding operations do 
not have a dust collector of some type as an integral 
part of the process. Familiarity with this equipment 
gives the foundryman an excellent background for 
understanding the principles, advantages and _ limi- 
tations of the various types of dust collection equip- 
ment. This asset may well lead to direct financial 
savings as the need for expanded dust control acti- 
vity increases over the coming years. 

This need is already apparent in a number of 
localities, but with the growing public awareness of 
air pollution control ordinances requiring more com- 
prehensive and more efficient dust and fume elim- 
ination are a virtual certainty during the 1960s. 


COLLECTOR USES 


There are a number of reasons for which collec- 
tion equipment is used. Obviously collectors are, in 
many cases, simply a component of a process, with- 
out which the process could not operate. Examples 
are the collection of material being pneumatically 
conveyed, the collection of a product such as zinc 
oxide, carbon black or dehydrated milk or the re- 
covery of reusable materials such as nonferrous 
grinding dusts. 

In other cases collectors are used to reduce equip- 
ment maintenance, e.g., the oil bath air cleaner on 
a car, to improve product quality, the cleaning of 


D. G. STEPHAN is Senior Sanitary Engr., U.S. Public Health 
Service, Dept. of Health, Education and Welfare, Engrg. Rsch. and 
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ventilation air to a photographic film manufacturing 
area or to prevent physical damage to the plant or 
equipment or the removal of acid mists or collection 
of fumes causing damage to automobile finishes. Each 
of these instances presents some measure of positive 
economic justification for installing and using con- 
trol equipment. Also, there are applications neces- 
sary because of either moral or legal considerations. 

Here are included the eradication of safety or 
health hazards, e.g., the collection of siliceous par- 
ticulates or combustible dusts and the elimination of 
nuisances. In some cases the economic justifications 
for such installations are obvious, but in others one 
must appreciate his obligations toward maintaining 
the health and welfare of his employees, his neigh- 
bors and his community. 


COLLECTOR SELECTION AND DESIGN 


For the intelligent selection or design of dust col- 
lection equipment many factors must be considered. 
These may be outlined: 


1. Particulate characteristics. 

a. Particle-size distribution. Particle diameters are 

usually given in microns (1 micron= 5 499 in.). 
. Particle shape. 
Particle density. 
Physico-chemical properties. 
1) Hygroscopicity. 
Agglomerating tendency. 
Corrosiveness. 
“Stickiness.” 
Flowability. 
Electrical conductivity. 
Flammability. 
Toxicity. 
. Carrier gas characteristics. 

a. Temperature. 

b. Pressure. 

c. Physical properties. 

1) Humidity. 

2) Density. 

3) Viscosity. 

4) Electrical conductivity. 
. Chemical properties. 

1) Corrosiveness. 

2) Flammability. 

3) Toxicity. 
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3. Process factors. 
a. Volumetric flow rate. 
b. Constancy or variability of gas flow. 
c. Particulate concentration, usually given in 
grains/cu ft (1 grain = Yoopo Ib). 
d. Allowable pressure drop. 
. Product quality requirements. 
f. Required collection efficiency. The requirement 
may be based upon: 
1) Value of material being collected. 
2) Nuisance or damage potential cf the material. 
3) Physical location of the exhaust. 
4) Geographical location, i.e., air pollution sus- 
ceptibility of the area. 
5) Applicable code or ordinances (consider an- 
ticipated future legislation). 
4. Operational factors. 
a. Ease of maintenance. 
b. Need for continuity of operation. 
5. Constructional factors. 
a. Available floorspace. 
b. Headroom limitations. 
c. Material limitations imposed by temperature, 
pressure or corrosiveness of exhaust stream. 
6. Economic factors. 
a. Installation cost. 
b. Operating cost. 
c. Maintenance cost. 


o 


When it is realized that all of the above factors 
can bear on the choice of the proper dust collector 
for a given service, it is easy to see that a wide va- 
riety of collectors is needed and that no single col- 
lector or type of collector is appropriate for all ap- 
plications. Such a variety is available commercially, 
and it would be impractical here to describe each 
in detail. However, the many types and designs may 
be conveniently grouped into six categories—settling 
chambers, inertial separators, cyclones, filters, elec- 
trical precipitators and scrubbers. The principles’ of 
operation, the general physical descriptions, the ad- 
vantages and the limitations of each category are 
given in the following paragraphs. 


SETTLING CHAMBERS 


The settling chamber is the simplest type of dust 
collector. It consists of an enclosure in which the ve- 
locity of the dust-laden stream is reduced to allow sus- 
pended particles to settle out by gravity and, once 
settled out, not to be re-entrained. Physically, settling 
chambers may range from a simple expanded duct sec- 
tion to an inlet hopper or inlet plenum for some 
other piece of equipment, or to a specially constructed 
chamber having tapered inlet and outlet sections, in- 
ternal guide vanes or even a large number of close- 
ly spaced horizontal shelves. 

They are usually “homemade,” and often are used 
as precleaners to reduce the load of large particulates 
to a second dust collector following in series. Simple 
settling chambers cannot be expected to provide ade- 
quate collection efficiencies for particles in the sub- 
sieve range (<40 microns). Multiple tray units (Fig. 
1), however, may be able to remove particles as small 
as 10 to 20 microns if properly designed. Collection 





efficiency is directly proportional to the total pro- 
jected horizontal area within the chamber. 

Hence, the use of horizontal shelves increases overall 
efficiency, but vertical baffles, other than those for 
straightening flow, are not, in general, of value. Ef- 
ficiency is independent of chamber height, but ob- 
viously the unit should be sufficiently high to pro- 
vide velocities low enough to prevent re-entrainment 
(normally <10 ft/sec). 
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Fig. 1 — Multiple 
tray settling cham- 
ber. 
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Settling chambers are of simple construction and 
low cost, and pressure loss is often negligible. Main- 
tenance requirements are minimal, and material is 
collected dry and can be disposed of continuously. 
Temperature and pressure limitations are imposed 
only by the materials of construction. On the other 
hand, equipment size is large with efficiency decreas- 
ing with diminishing particle size and low efficiencies 
expected for small particles. Also, in the case of mul- 
tiple-shelf units, cleaning difficulties and warping 
tendencies may be experienced, and plugging may 
occur at inlet concentrations above 1-5 grains/cu ft. 


INERTIAL SEPARATORS 


In this category collectors utilize particulate inertia 
to cause the particles to migrate toward a collecting 
surface. Both simple inertial or impaction separators 
and cyclonic separators actually should be included 
here. However, cyclones will be discussed separately 
because of their widespread applicability and impor- 
tance in dust control. 

Inertial separators employ single or multiple 
changes in flow direction to cause particles to cross 
fluid streamlines and to concentrate or to impinge 
on a collecting surface. Performance of these devices 
is analyzed in terms of target efficiencies (fraction of 
particles in the fluid volume swept by an obstructing 
body which are collected by the body). Generally it 
may be said that efficiency increases with increasing 
particle size and density and with increasing fluid 
velocity. Efficiency decreases as the size of the ob- 
structing body and as viscosity of the fluid in- 
crease. 

Most inertial separators may be classified in one of 
four general types. One type, the baffle chamber, is 
an enclosure in which the gas stream is forced to fol- 
low a tortuous path around staggered plates. The gas, 
therefore, undergoes a series of sudden changes of di- 
rection causing suspended particles to impinge on the 
baffles. Such units are often combination inertial sep- 














irators and settling chambers. The pressure drop (0.5 
to 1.5 in. H,O) is greater than for a simple settling 
chamber. The particle size capable of being collected 
is on the order of 20 microns rather than 40. Col- 
lected material is normally cleaned from the baffles 
by mechanical rapping or by a flowing water film. 
These units can be used in high-temperature service 
and for mist separation, but they cannot handle tacky 
materials. Also, abrasive wear can sometimes cause 
high maintenance costs. 


Orifice Impaction Collector 


The second type is the orifice impaction collector, 
popular as a mist separator. Here, two successive 
sets of orifice plates are installed in series in the gas 
stream. The first set has staggered openings from 
one plate to another which promote agglomeration of 
fine liquid particles. The second set of plates, at 
which collection occurs, contains aligned orifices. This 
type of collector is highly efficient for liquid aerosols 
larger than 2-3 microns because of the agglomerating 
feature. It is normally operated at orifice velocities 
on the order of 50-100 ft/sec, giving pressure drops 
of approximately 1-3 in. H,O. 

Louver chambers comprise the third type of iner- 
tial collector. In these devices (Fig. 2), a series of 
closely spaced louvers are set at an angle to the air 
stream such that particles strike the louvers, rebound 
and travel toward the outlet end in increasing con- 
centrations. The concentrated dust stream is then led 
off through a secondary air circuit to a separate col- 
lector. The louver chamber is, therefore, a particulate 
concentrator rather than an actual collector. 

The efficiency of this type of inertial collector de- 
pends on the louver spacing and the gas velocity. Gen- 
erally, particles larger than 10-15 microns can be col- 
lected satisfactorily at pressure drops near | in. H,O. 
The principle advantages are simplicity, low cost and 
high-temperature applicability. Chief disadvantages 
are a tendency to plug, excessive abrasive wear and 
inability to handle tacky materials. 

The fourth type of inertial separator is the so-called 
high-velocity gas-reversal chamber. In this type the 
gas stream is caused to change direction abruptly, 
thereby projecting large particulates into a dead air 
space from which they are removed by gravity set- 
tling. This equipment, which is simple and low cost 
and may be appreciably smaller than simple settling 
chambers, gives adequate efficiencies only for parti- 
cles larger than 40-50 microns. 


CYCLONES 


Cyclones are probably the most widely used of all 
dust collectors. They consist of a cylindrical or con- 
ical chamber with a tangential entry and axial dis- 
charge. The inlet gas stream spirals downward along 
the wall and then upward and out through the cen- 
ter. Suspended particles are projected to the wall by 
centrifugal force where they fall by gravity toward 
the bottom of the unit. 

There are three general types of cyclonic collec- 
tors—the simple cyclone, high-efficiency multiple units 
and mechanical cyclones. Simple cyclones (Fig. 3), 
are from one to as much as 15 or 20 ft in diameter. 
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Fig. 2— Louver chamber. 


Inlet velocities are usually near 50 ft/sec, and pressure 
drops range from 0.5 to 3 in. H,O. Simple cyclones 
may normally be expected to provide efficient collec- 
tion of particles larger than 15 to 20 microns. 

Since cyclone diameter is the design factor having 
the greatest effect on efficiency, recent trends have 





Fig. 3 — Simple cyclones. 
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been toward the second type—the high-efficiency mul- 
tiple units, in which unit diameter is smaller and 
multiple cyclones are utilized in parallel (Fig. 4). Pres- 
sure drops for these collectors may be in the range of 
2 to 10 in. H,O, but this type of design can extend 
efficient collection to particles as small as 5 to 10 mi- 
crons. 

Advantages of these first two cyclone types include 
low initial cost, relatively simple construction, dry and 
continuous disposal of collected material, low to 
moderate pressure loss and relatively low maintenance 
costs where no highly abrasive materials are present. 
In addition, these units can be used satisfactorily at 
high temperature or high pressure, as long as appro- 
priate materials of construction are used. Disadvan- 
tages are low efficiency for particles below 15 to 
20 microns for simple cyclones and 5 to 10 microns 
for multiple units and susceptibility to severe abrasive 
deterioration in certain cases. 

Mechanical cyclones, or dry centrifugal collectors 
(Fig. 5), are identical in principle to the cyclonic 
collectors previously discussed but they contain one or 
more motor-driven rotating elements. In such units, 
the particulates are concentrated at the periphery 
where they are removed through an annular slot or 
skimmer. The chief advantage of these units lies in 
their compactness and low pressure loss (pressure 
gains may even be found with some units). 

Collection efficiencies are roughly the same as for 
high-efficiency multiple cyclones. Their major limi- 
tation is a tendency for solids to build up on the ro- 
tating elements causing plugging or rotor unbalance. 
Temperature limitations also exist because of the 
presence of bearings, seals, etc, 





Fig. 4 — Multiple cyclones. 





Fig. 5 — Mechanical cyclone. 


FILTERS 

Gas filters may be divided into two basic types, 
the fabric filter and the deep bed filter. The fabric 
filter is, at present, by far the more important of 
the two for industrial dust control. The basic differ- 
ence between the two types lies in the mechanisms 
by which particle deposition occurs. In a fabric filter, 
the fabric serves primarily as a filter support, and par- 
ticulate collection is accomplished during the passage 
of the gas stream through the previously collected 
dust cake. Actual “sieving” is a major collecting mech- 
anism. 

A deep bed filter, on the other hand, consists of 
a loosely packed mat of fibrous materials which is, 
in reality, an inertial separator in which the collect- 
ing elements are the fibers themselves. Deep bed fil- 
ters are widely used as domestic furnace filters and 
on air conditioning systems, but they are not com- 
mon where high grain loadings are encountered. 

Fabric filters offer high efficiency collection of 
particles as small as 0.1 micron or less. The most 
common type is the shaken baghouse in which 
mechanical or pneumatic shakers are used period- 
ically to clean the collected dust cake from vertically 
suspended tubular bags (Fig. 6). The dust stream 
enters the collector near the bottom through a com- 
bination inlet plenum-dust hopper and then passes 
upward and outward through the tubes forming a 
dust cake over their internal surfaces. 

Gas velocities through the fabric are normally be- 
tween | and 4 ft/min and maximum pressure drops 











Fig. 6 — Baghouse filter. 


are usually held to 4 to 6 in. H,O. Air flow must 
be stopped when the filters are cleaned but multi- 
compartmented, automatically programmed equip- 
ment may be used when continuous service is desired. 
Woven fabrics are the usual filter media in this 
type of collector, with cotton sateen the cheapest 
and most commonly used. Materials used for higher 
temperature service or to resist chemically active 
gases include wool, nylon, dacron, orlon and glass. 

Normal temperature limits for these materials are: 
cotton, 180 F; wool, 220 F; nylon, 225 F; orlon and 
dacron, 275 to 300F and glass, 450 to 500F. Bag- 
house inlet temperatures, of course, may be some- 
what higher ‘than these limits. 


Reverse Jet Collector 


In addition to mechanical shaking, other filter 
cleaning techniques are sometimes used. They include 
reverse jets, collapse cleaning, air pulsing, sonic clean- 
ing and combinations of these methods. In a re- 
verse jet unit (Fig. 7) felts serve as the filter media, 
and cake removal is accomplished by a high velocity 
jet of compressed air issuing from a narrow slot 
on a closely fitted or spring-loaded hollow ring 
which traverses the entire length of the filter. Filter 
velocities up to 15 or 20 ft/min are sometimes pos- 
sible. This means that these units can be appre- 
ciably smaller than shaken baghouses of the same 
volumetric capacity. 

Cleaning is carried out continously or semicontin- 
uously while air flow continues yielding a relatively 
constant pressure drop and, therefore, relatively con- 
stant flow rate rather than the cyclic fluctuations 
in flow inherent with periodic cleaning. Dis- 
advantages of reverse jet units are higher purchase 
and maintenance costs, lower temperature limits 
(~300 F), and a tendency towards gradual blinding of 
the felt media with fine dusts. 
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In the last several years, cleaning by collapsing 
tubular filters with a slight reverse pressurization 
has become popular on high temperature units using 
glass bags. This “single stroke” cleaning appears to 
decrease filter wear appreciably, an important 
matter considering the relatively poor wear-resistance 
of glass fabrics. The technique, however, may not 
be satisfactory where “hard to clean” dust-fabric 
combinations exist. 

Several manufacturers are also supplying filters in 
which cleaning is accomplished by air pulsing, i.e., 
by directing short bursts of high-pressure air into 
the filter bags and “popping” them open. With 
this design, the bags are mounted over wire frames 
and the gas to be filtered flows from the outside 
to the inside of the bags. Recently, tubular bag- 
houses have become available which combine col- 
lapse cleaning and air pulsing, and, within the last 
year, filters have come on the market in which low 
frequency sonic energy is used for cleaning. 


Cloth Envelope Collector 

Differing in geometry from the tubular filter is 
the cloth envelope type (Fig. 8). Flat filter bags, 
1 to 2 in. thick and roughly 2 by 4 ft in size, are 
mounted over wire frames from a vertical tube sheet. 
The filter cake is formed on the external surface 
of these bags and is removed by mechanical rap- 
ping. These filters can be cleaned continuously with- 
out shutting off the air flow to the unit when specially 
designed cleaning equipment is employed to supply a 
slight reverse \jair flow sequentially to the filter bags 
during rappjjg. 

Advantages of fabric filters are high collection 
efficiency for all particle sizes even when variable 
flow rates and variable inlet concentrations exist, 
relatively simple construction, moderate cost, dry col- 
lection and nominal power consumption. Disadvan- 


Fig. 7— Reverse 
jet filter. 














366 















CLOTH COVERED SCREEN FRAME 




















wolegcesecs 
2 












- 


eres 











Fig. 8 — Envelope filter. 


tages relate to size, temperature and humidity limi- 
tations and maintenance costs. 

With respect to temperature limitations of this 
and other types of collectors, it is well to discuss 
gas cooling briefly. Three methods can be used: 


1) Cooling by radiation and convection. 
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2) Cooling by evaporation. 
3) Cooling by dilution with ambient air. 


The dilution method increases the volume of gas 
to be filtered, and is normally used only in con- 
junction with one of the first two methods. Radia- 
tion and convection cooling generally requires a 
greater initial capital outlay than evaporative cool- 
ing, but operation is less costly. Evaporative coolers, 
on the other hand, are usually cheaper to install 
but require a continuous supply of cooling water 
and have higher maintenance costs due to wet cor- 
rosion. Evaporative cooling is the most popular tech- 
nique in the foundries of the Los Angeles area where 
fabric filters have found wide usage. When using 
evaporative cooling, the biggest concern is with over- 
humidification and resultant condensation problems. 


ELECTRICAL PRECIPITATORS 


High-efficiency collection of particles 0.1 micron in 
diameter and even smaller under severe operating con- 
ditions is offered by the electrical precipitator (Fig. 
9). Particle deposition is accomplished by passing the 
gas stream between electrodes across which a high 
voltage is impressed. The discharge electrode has a 
much smaller radius of curvature than the collecting 
electrode and, as a result, corona discharge. A power- 
ful ionizing field is established near the discharge 
electrode; potentials as high as 100,000 volts are used. 

Particles passing through the ionizing field become 
charged and subsequently migrate to the collecting 
electrode. Once deposited, they lose their charge and 
are removed either by mechanical vibration or by 
washing. 

Both single-stage and two-stage precipitators are in 
use as particulate collectors. In the two-stage unit, 
ionization is achieved in the first stage and particle 
collection in the second. This kind of precipitator 


Fig. 9 — Electrical precipitator. 








is rarely used for industrial dust collection, but is em- 
ployed most often in air conditioning installations. 

With the single-stage precipitators, ionization and 
particle collection occur simultaneously at the same 
set of electrodes. In plate-type precipitators, the col- 
iecting electrodes consist of parallel plates either of 
solid or expanded metal closely spaced rows of rods, 
chains or wire or specially formed shapes. In the pipe- 
type precipitator, the collecting electrodes are formed 
by a nest of parallel tubes which may be square, 
round or octagonal. In each case, discharge electrodes 
are wires or small, twisted rods, suspended vertically 
either midway between the parallel collecting elec- 
trodes of the plate-type unit or axially along the 
length of the pipes of the pipe-type unit. 

Electrode cleaning is normally carried out while gas 
flow continues, and is accomplished by periodic or 
continuous mechanical rapping or by a flowing liquid 
film. Electrodes may range from 5 to 20 ft in length, 
and electrode spacing is usually 3 to 8 in. 


Potential Efficiency 

The potential collection efficiency is greatly af- 
fected by the electrical resistivity of the particulate 
matter. Relatively’ small changes in resistivity can 
cause appreciable differences in operating character- 
istics of the precipitator. High-resistivity material re- 
sults in a reduced potential gradient across the gas 
space and in back ionization at the collecting elec- 
trode. Both of these factors contribute to reduced 
efficiency. 

The induced lowering of resistivity of the partic- 
ulate matter being collected is called conditioning. 
This may be accomplished by humidification, temper- 
ature control or by the addition of chemical agents, 
notably ammonia, sulfuric acid or SO,. 

Gas velocities average 3 to 10 ft/sec but, obviously, 
as velocity increases retention time decreases and this 
leads to reduced efficiency. A common design defi- 
ciency is unequal flow distribution. This matter is so 
important that baffles, guide vanes or distributor 
plates are often used to improve the flow pattern. 

The chief advantages of the precipitator are its 
high efficiency collection under varying and quite se- 
vere conditions, high-temperature applicability, low 
maintenance and operating costs and low pressure 
drop. Disadvantages include high initial cost, large 
size and possible explosion hazards with flammable 
materials. Of great importance is the logarithmic re- 
lationship of outlet concentration to the size of the 
equipment. That is, a precipitator giving 90 per cent 
efficiency must be doubled in size to give 99 per cent 
efficiency and tripled to give 99.9 per cent. 


SCRUBBERS 


In a general sense, “scrubbers” includes gas ab- 
sorption equipment as well as particulate collectors. 
However, in current air pollution control usage the 
term generally applies to devices which utilize a liq- 
uid to achieve or assist in the removal of solid or 
liquid dispersoids from a carrier gas. Water is by far 
the most common liquid employed, but in certain 
special cases other liquids have been used. 

Scrubbers are constructed in such a wide variety of 


367 


designs that no single type can be considered as rep- 
resentative. Some scrubbers are simply previously 
existing dry-type collectors which have been modified 
to allow the introduction of a liquid phase; other 
units are specifically designed as wet collectors. 

Particle collection is generally achieved by one of 
four mechanisms: 


1) Particles may be made to impinge on a liquid sur- 
face. 

2) Particles may be allowed to diffuse to a liquid sur- 
face. 

3) Liquid may condense directly on individual par- 
ticles, increasing their size and thereby their ease 
of collection. 

4) Carrier gas may be partitioned into a number of 
small individual elements within which particles 
are collected by Brownian* diffusion and gravity 
settling. 

According to theory, collection by the impingement 
mechanism should increase in efficiency as collecting 
droplet size decreases. This is true to a point, but as 
spray droplet size falls below 30-50 microns impinge- 
ment efficiencies decrease rapidly, since smaller drop- 
lets are accelerated almost instantaneously to the car- 
rier gas velocity and then no relative velocity exists 
between the droplets and the particles to be collected. 
Impingement is most effective for particles larger 
than 5 microns. For finer particles, the diffusional 
mechanism becomes of increasing importance. 


Condensation Nuclei 

Condensation occurs when the carrier gas is cooled 
through its dew point. Submicron particles serve as 
condensation nuclei. As a result effective particle size 
is increased, thereby enhancing inertial collection. 
This mechanism, however, is generally effective only 
where hot gases containing relatively low loadings 
are concerned. Gas partitioning is achieved by dispers- 
ing the carrier gas into small volumetric increments, 
i.e., small bubbles or foam. Here, efficiency of col- 
lection increases as the size of the incremental gas vol- 
umes decreases. 

In most practical applications, the particles to be 
collected cover a range of sizes and more than one 
mechanism plays a part. Regardless of the mechanism, 
however, high efficiencies are favored by large inter- 
facial areas, and, therefore, small droplet size is ad- 
vantageous. Also, current thinking is that properly de- 
signed scrubbers will be highly efficient collectors for 
any particle size if the power input to the scrubber is 
high enough. 

Power may be consumed by high pressure atomiza- 
tion of the liquid phase, by high velocity jetting of 
the liquid, by high carrier gas velocities or by me- 
chanical energy input to rotating elements. Available 
commercial scrubbers offer high efficiency collection 
of particles larger than about 5 microns at relatively 
low power input, of particles in the 2- to 5-micron 
range at moderate power input and of particles down 
to 1 micron or below with high power consumption. 

Scrubbers may be grouped roughly in seven design 


*Dr. Robert Brown first demonstrated the rapid vibratory 
movement exhibited by microscopic particles in about 1827. 
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types. The first, and most common, is the spray tower. 
These units are simply chambers in which the car- 
rier gas passes through banks of sprays positioned 
either parallel or normal to the gas stream. The 
sprays are followed by some type of inertial collector 
which serves as a mist entrainment separator. A 
common example of this type collector is the cupola 
wet-cap (Fig. 10). For such units, water consumption 
runs about 14 to 2 gallons/1000 cu ft of gas. Pressure 
drops are usually in the range of 0.1 to 0.5 in. H,O. 
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Jet Scrubber 

In the jet scrubber (Fig. 11), a high velocity water 
jet is directed axially into the throat of a venturi sec- 
tion. This is followed by an entrainment separator, 
usually a simple gas-reversal chamber. These units 
serve as collectors and also may act as aspirating-type 
air movers. Pressure gains up to as much as 7 or 8 
in. H,O may be deyeloped. Water consumption is 
high, often in the range of 50to 100 gallons/1000 cu 
ft. Of somewhat similar design is the venturi scrubber 
(Fig. 12). 

In this scrubber, it is the gas phase which is passed 
through the venturi throat at high velocity (200-300 
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Fig. 11 — Jet 
scrubber. 
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ft/sec). Water sprays are injected just preceding the 
throat, and the entrained droplets are subsequently 
removed by a cyclonic separator. For these units, 
water consumption is normally 3 to 10 gallons/1000 
cu ft, and pressure drops range from 10 to 15 H,O. 
For collection of fine fume, for example, pressure 
losses of 30-35 in. H,O may be required. 


Cyclonic Scrubber 


In cyclonic scrubbers, radial sprays are introduced 
into typical dry-type cyclones. The liquid phase as- 
sists in collection and also serves to decrease re-en- 
trainment. Pressure drops are usually 2 to 8 in. H,O, 
and water consumption is roughly the same as for 
the venturi scrubber. 

When particle-liquid contact is obtained as the re- 
sult of the carrier gas velocity itself, the scrubbers 
are classified as inertial scrubbers. They are of two 
types. One is the impaction scrubber, in which the 
liquid and gas phases are intimately mixed and then 
impacted onto a baffle plate; the second is the de- 
flection-type scrubber, in which the gas stream im- 
pinges on liquid-film covered baffles. In the former 
type, impaction velocities are from 30 to 150 ft/sec, 
and pressure drops may be as high as 30 in. H,O. 
In the latter, pressure drops are appreciably lower, 
ranging up to about 6 in. H,O. 

Packed scrubbers are conventional, packed tower 
liquid-gas contactors. Packing may be composed of 
Raschig rings, Berl saddles, fiberglass, etc., and 
gas and liquid flows are normally countercurrent. 
The separating mechanism is believed to be primar- 
ily impingement of the particles on the packing with 
the liquid medium serving merely to clean the pack- 
ing surface. Excessive velocities through these units 
produce channeling with resultant loss of efficiency. 
Pressure drops range from 14 to as high as 10 in. HO. 
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Fig. 12 — Venturi scrubber. 











Fig. 13 — Mechanical scrubber. 


Mechanical Scrubbers 

In the final category are the mechanical scrubbers 
(Fig. 13). Here, liquid-particle contact is achieved 
by the simultaneous introduction of the liquid medi- 
um and the gas stream onto rotating disks, blades 
or perforated plates. In some cases, stationary mem- 
bers are alternated with the rotating elements. 

Advantages associated with scrubber collectors are 
relatively high efficiency collection of particles in 
the 5-10 micron range at nominal power consump- 
tion, potentially high efficiency collection of smaller 
particles with adequate power consumption, mod- 
erate initial cost amd applicability for high temper- 
ature service. Amofig the disadvantages are wet dis- 
posal of collected material which can lead to water 
pollution problems, high power usage for high ef- 
ficiency collection of fine particles and moderate to 
high maintenance costs due to wet corrosion and 
abrasion. 


CONCLUSION 


Presented in table form is a summary of the gen- 
eral performance specifications for the various types 
of dust collection equipment. Included are approx- 
imate cost figures for the various types of collectors. 

It is important to remember that from a techno- 
logical standpoint all particulate emissions can be 
controlled to better than 99+ per cent efficiency 
through use of appropriate collection equipment. 
It is equally important to remember that cost of 
collection increases with collection efficiency, with 
the severity of the collection conditions and with 
decreases in particle-size of the material to be col- 
lected. 

If required collection efficiency is based on local 
air pollution control legislation, the criterion for sat- 
isfactory control normally is based on either effluent 
loading (grains/ft*}'or upon plume opacity (Ringel- 
mann number). Iff the requirement is in terms of 
effluent grain loading for the process concerned, then 
collection equipment may be selected on the basis 
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of an overall collection efficiency by weight. How- 
ever, if plume opacity is of concern, then even high 
weight collection efficiencies, e.g., 98+ per cent, may 
be unsatisfactory, since the small particles contribute 
little to weight but by far the most to light scatter 
because of their high surface-to-weight ratio. 

The selection of a dust collector for a given ap- 
plication, therefore, requires consideration of the var- 
ious possible types in terms of all the selection cri- 
teria outlined earlier, but the most important of these 
must inevitably be collection efficiency. In short, 
the collector must do the job it is supposed to do. 
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APPROXIMATE CHARACTERISTICS OF 
DUST AND MIST COLLECTION EQUIPMENT 





Smallest 

Particle Pres- 
Pur- Col- sure ae 
chase lected Drop 





Equipment Cost* (mi- (in. ( kw 
Type ($/cfm) crons)** HeO) \1000cfm Remarks 
A. Settling Chambers 
1. Simple 0.1 40 = 0.1-0.5 0.1 Large, low pressure 
drop, precleaner 
2. Multiple Difficult to clean, 
tray 0.2-0.6 10 «—0.1-0.5 0.1 warpage problem 
B. Inertial Separators 
a ffie Power plants, rotary 
chamber 0.1 20 «0.5-15 0.1-0.5 kilns, acid mists 
2. Orifice 
impaction 0.1-0.3 2 1-3 0.2-0.6 Acid mists 
3. Louver Fly ash, abrasion 
type 0.1-0.3 10 =0.38-1 0.1-0.2 problem 
4. Gas 
reversal 0.1 40 0.1-0.4 0.1 Precleaner 
C. Cyclones 
1. Single 0.1-0.2 15 0.5-3 0.1-0.6 Simple, inexpensive, 


most widely used 


Abrasion & plugging 
problems 


Compact 


2. Multiple 0.3-0.6 5 2-10 0.5-2 


3. Mechanical 0.2-0.6 5 _ 0.5-2 


D. Filters 
1. Tubular 0.3-2 <0.1 2-6 0.5-1.5 High efficiency, temp. 
and humidity limits 
2. Reverse More compact, con- 
jet 0.7-1.2 <0.1 2-6 0.7-1.5 stant flow 
3. Envelope 0.3-2 <0.1 2-6 0.5-1.5 Limited capacity, con- 
stant flow possible 
E. Electrical Precipitators 
1. One-stage 0.6-3 <0.1 0.1-0.5 0.2-0.6 High efficiency, heavy 
duty, expensive 
2. Two-stage 0.2-0.6 <0.1 0.1-0.3 0.2-0.4 Compact, air con- 
ditioning service 


F. Scrubbers 
1. Spray Common, low water 
tower 0.1-0.2 10 0.1-05 0.1-0.2 use 
2. Jet 0.4-1 2 - 2-10 Pressure gain, high 


velocity liquid jet 


8. Venturi 0.4-1.2 1 10-15 2-10 High velocity gas 
stream 


4. Cyclonic 0.3-1 5 2-8 0.6-2 Modified dry col- 
lector 

5. Inertial 0.4-1 2 2-15 0.8-8 Abrasion proble 

6. Packed 0.3-0.6 5 0.5-10 0.6-2 Ch ling probl 





7. Mechanical 0.4-1.2 2 - 2-10 


*Steel construction, not installed, includes necessary auxiliaries, 1960 
prices. 

**With ~90-95% efficiency by weight. 

tincludes pressure loss, water pumping, electrical energy. 


Abrasion problem 











OXYGEN-GAS BURNER USE 
FOR SCRAP MELTDOWN IN 


THE SMALL ARC FURNACE 


by Vernon J. Howard 


ABSTRACT 


The author discusses initial trials of a new process 
to promote rapid and uniform scrap meltdown. While 
the oxygen-gas burners were designed for large furnaces 
they have the possibility of being used as tools in the 
small arc, and will help the old shop keep pace with 
newer and larger equipment. 


INTRODUCTION 


In the steel casting industry, the plant layout 
must be flexible enough to change with faster, modern 
equipment and job techniques. During the past 
decade, the melter has met the challenge with the 
aid of more transformer capacity, oxygen practice 


V. J. HOWARD is Melting Foreman, Oklahoma Steel Castings 
Co., Tulsa. 





370 


for decarburization, incentive systems and other 
methods of decreasing melt time while maintaining 
quality. At the time, each of these methods seemed 
to be all that could be done before investing in more 
or larger melting units. 


OXYGEN-GAS TORCH 


During the past year, the oxygen-gas auxiliary torch 
has further decreased the melt cycle. It is interest- 
ing to note that during the war period, the same 
equipment taxed to the limit, was actually operating 
at 65 per cent of the present capacity (Fig. 1). The 
unit is an acid lined, 8 ft shell. The average size heat 
is 7800 Ib. The shell is powered by a 2000 kva 
transformer. However, the transformer oil is ex- 
ternally cooled in a fin tube heat exchanger, which 
increases the tranformer capacity to approximately 
2500 kva. The steels produced range from plain car- 
bon to A.L.S.I. 347 stainless. 

The torch was originally designed for multiple 
sidewall installations on the open hearth furnace. 


Fig. 1 — Equipment installed at the author’s company. 
It is an acid-lined 8 ft shell. 























NOTES ~ 


ALL ©, PIPE @& FITTINGS MUST BE CLEANED 


WITH CARBON TET (CCL,). 
6P00 C.F.H 0, CONSUMPTION. 
4P00 CF.H. GAS CONSUMPTION. 


O> 3-¢° SPACERS 120° APART WELD TO |” PIPE. 
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Fig. 2— Lance installation at the author’s company. 


When it was applied with some success on the large 
arc furnace, its potential on the small arc was con- 
sidered at the author’s company. Early attempts were 
made with various designs of water cooled lances 
that proved to be inefficient and too cumbersome for 
convenient use in the restricted areas usually asso- 
ciated with the small arc furnace. The arrangement 
shown in Fig. 2 was constructed at little expense and 
applied with much better results. 

This design is in a black, one in. oxygen pipe inside 
a 114-in. natural gas pipe. There is no water cooling, 
and the only problem experienced is occasional 
splatter at the tip of the lance. This is generally 
chipped off, or in severe cases, about one in. of the 
pipe is cut off the end of the pipe. The recommended 
flow for this lance, on an 8 ft shell is 6000 cf of 
oxygen and 4000 cf of natural gas/hr, a ratio of 
1.5 to 1.0. The natural gas pressure at the melting 
unit is only 3300 cf/hr, so the oxygen pressure is 
lowered to 5000 cf/hr to maintain the 1.5 to 1.0 
ratio. 


FIRING THE TORCH 


Figure 3 is a cutaway top view of the furnace, 
showing the lance in operating position. The torch 
is injected through a horizontal slot in a stationary 
screen shield into the furnace door. This gives the 
operator protection without decreasing his visibility 
or the maneuverability of the torch. The torch is 
fired as soon as the roof is swung back over the shell, 
and continued until all of the scrap is melted in, 
which is about 30 min. 

The procedure adopted is to cut out the center 
of the charge, sloping the scrap at a 90 degree angle 
on each side of the electrode to prevent a scrap 
slide. By cutting under the electrodes a pool of metal 
is formed early, giving more arc stability and effi- 


ciency. A problem was created by the hood outlet over 
the door of the furnace. The suction at this point 
with the door open caused the door raising 
mechanism to be enveloped in flames, and the added 
heat caused repeated failure of pins, arms and 
hinges. 

This, of course, caused repeated interval shut downs 
for replacement of parts until the entire assembly 
was changed to type 310 stainless which has eliminated 
the problem. 

After several heats had produced encouraging re- 
sults, it was decided that the best means of determin- 
ing the economics of the use of the auxiliary burner 
would be to run a series of heats using both standard 
and auxiliary meltdown on the same day, so that 
uniform refractory and _ scheduling conditions 
might be obtained. This was accomplished by alter- 







PROTECTIVE SCREEN 


AUXILIARY TORCH 


Fig. 3 — Cutaway view of furnace showing lance in 
operating position. 
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Fig. 4 — Frequency in cell graph vs. standard 
meltdown. 
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MINUTES 


nating melting procedures for heats scheduled 
throughout the day. The comparison chart in the 
table sums up the results of the tests. There were 
257 heats made, and all heats recorded were plain 
carbon and low alloy. 


COMPARISON DATA STANDARD PRACTICE 
VS. AUXILIARY MELTDOWN 


Standard Auxiliary 








IE oooh sa eackaswiescod eevelbdan 123 134 
Power on to power off — avg. min. .......... 64.92 54.86 
NES SOGTIED HOP Ghee... os. oc iscenes 111.82 128.68 
eee er Seen rrr? 449.93 394.56 
EE MUD 5 ann toin kde smsasenses sense 25.11 6.81 
Carbon drop per min. — avg. ................ 9.49 10.10 
Tapping temperature —F, avg. .............. 3073 3088 
Auxiliary Og per ton — est., c.f. ............. 640 
Natural gas per ton —est., cf. .............. 425 





SAVINGS ACHIEVED 


The heat time, power on to power off, shows a 
savings of 10 min/heat. This ties in with the in- 
crease of 17 Ib melted/min. The savings on elec- 
trical power averaged 55 kwh /ton of steel produced. 

Due to the oxidizing atmosphere created by the 
burner, the rate of carbon removal and iron ore con- 
sumption were closely observed in an effort to main- 
tain the proper FeO in the slag. As the chart shows, 
the proper carbon reduction was obtained with 75 
per cent less iron ore. 

As the temperature comparison indicates, there 
was no problem in obtaining the required tempera- 
tures with the faster melt cycle. These readings were 
obtained with an immersion pyrometer, read from a 
test spoon 8 in. in diameter. 

The oxygen and natural gas consumption are cal- 
culated figures, since the flow meters were used only 
to calibrate the regulator gages at the start of the 
test. 

During the test period, a frequency in cell chart 
was maintained. All of the data obtained were used 
to prepare the graph shown in Fig. 4. This graph 
bears out the comparison chart as to the 10 min 
saving in the heat time. The foundry can now expect 
to receive most of the heats in 52 and 53 min, com- 
pared to 62 and 63 min by the standard method. 
Also, the auxiliary peak indicates that with the 
aid of the burner as a meltdown tool, some of the 


variables of meltdown are eliminated, thus giving 
less spread in total heat time. 


COMPARISON TESTS 


Tensile and impact comparison tests were made to 
check the effect on the physical quality of the steels 
produced during the test period. There was no in- 
dication of any decrease in quality in any heat where 
the burner was used. This stimulated interest in the 
economics of the operation. While it was known 
that the tangible items such as oxygen and natural 
gas were one dollar a ton in excess of the savings on 
electrical energy there were many intangible sav- 
ings, such as the value of time saved, refractory 
costs and effect on electrode consumption, which 
could only be determined over a longer testing period. 

For a two-month period, melting was restricted 
to the judicious use of the burner. Due to produc- 
tion schedule and distribution of molds, this proved 
to be practically continuous. There was a slight in- 
crease in refractory life and a decrease in electrode 
consumption, but not sufficient to say that the prac- 
tice was a contributing factor. Although melting costs 
were up, the adjustment reflected in other depart- 
ments of the plant showed a lower total cost per ton 
figure. These two months produced the lowest 
cost figure for any two-month period of the fiscal 
year. Until this figure is affected, the use of the 
torch will be continued and will be considered 
economical at the author’s company. 


SUMMARY 


The average total power was reduced approxi- 
mately 15 per cent. The tap to tap time was re- 
duced by 15 per cent, while the production was in- 
creased by 15 to 20 lb/min. Average oxygen con- 
sumption was 600 cu ft/ton, while average natural 
gas consumption was 400 cu ft/ton. Electrode and 
refractory consumption were normal. Melting costs 
are up slightly, but plant costs were lower. 

It is apparent that the use of the oxygen-gas burners 
cannot be justified on power savings alone, unless 
their use is restricted to avoid excessive power rate 
penalties. The foregoing results can be attributed 
to increasing production when it was required by 
increased molding capacity, aiding an undersized trans- 
former and eliminating excessive overtime. 








GAP FORMATION IN 


PERMANENT MOLD CASTINGS 


ABSTRACT 


When a metal is cast into a permanent mold, a gap 
gradually forms at the interface. There are several 
reasons why gap formation is important: 

1) As it forms, the mode of heat transfer changes from 

that of conduction to that of radiation and, as a 

result, the rate at which heat can be transferred 

from a casting to the mold is gradually reduced, 
increasing casting freezing time. 

Since the structure of a solidifying casting also de- 

pends in part upon the freezing rate, changes in the 

freezing rate can affect casting structure. 

3) In permanent molds, the gap does not form about 
the entire casting instantaneously, but progresses 
around it generally from the top to the bottom or 
vice versa, affecting the location of the shrinkage 
within the casting. 

Thus, since gap formation is an important factor in 
the solidification of metals in permanent molds, one 
must clearly understand its mechanism before an analy- 
sis of the freezing process can take place. The purpose 
of this investigation is to present the results of a litera- 
ture survey to determine what is known to date about 
the mechanism of gap formation in permanent molds 
and, if possible, to indicate additional areas in which 
information is needed. 


GAP FORMATION MECHANISM 


Previous Theories 

In 1929 Matuschka! made the first systematic in- 
vestigation on the subject of gap formation, and sug- 
gested that a gap is formed as a result of the mold 
expanding due to its absorption of heat, and to the 
cast metal shrinking due to its loss of heat. Matuschka 
showed that specifically (by volume) cast steel con- 
tracts 0.4 per cent for every 180 F of superheat lost 
and an additional 4.0 per cent on freezing. 

Paschkis? as well as Carpenter and Robertson’ sug- 
gested that once the frozen skin breaks away from 
the mold wall, it heats up and becomes plastic and 
then melts or breaks through, allowing the core of 
molten steel to refreeze against the mold wall. The 
refrozen steel then contracts and breaks away again, 
leading to a cyclic process that Paschkis calls “breath- 
ing.” Although bleeding of an ingot does occasionally 
occur,45 Linacre® states that no results support the 
hypothesis of a cyclic process. 

Mackenzie and Donald? point out that since the 
skin heats up after it breaks away from the mold it 
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must expand, but that a gap still exists since the mold 
has already expanded by a greater amount. On the 
other hand, Glaisher and Butler’ suggest that the 
inner wall of the mold may expand initially inward 
just after pouring because of the localized tempera- 
ture rise. This would account for the high tensile 
stresses Herne® found on the outside of the mold 
about 6 min after pouring. 

Mackenzie and Donald? also showed how mold 
temperatures varied from the bottom of an ingot to 
its top. Their data indicated that the bottom sides 
of the mold reached maximum temperature before 
the top and, as a result, that gap formation started 
there.19 Although there may have been a delaying 
effect due to the high ferrostatic pressure, it appar- 
ently was not great enough to prevent the gap from 
initiating at the bottom. 

However, Livshits!! found out that for ingots top 
poured at a rapid rate, the gap may even start to 
form at the top and progress downward. He attrib- 
uted this rather startling effect to the rapid loss of 
heat out the top of the ingot by radiation to the at- 
mosphere, and by conduction up through the cold 
mold walls of the ingot. Therefore, there are various 
theories and data on gap formation in the literature 
which help to lend an understanding. 


Experimental Data 

There are also, however, other data in the litera- 
ture which can be analyzed and interpreted in order 
to gain an even better understanding of the mecha- 
nism of gap formation. These include: 


1) Measurement of casting and mold interface tem- 
peratures. 
Calculating the change in the rate of heat transfer 
by means of the measurement of temperature gra- 
dients within the mold. 
3) Analysis of gap formation as a thermal resistance. 
4) Calculating the width and time of gap formation. 
5) Measuring the time required for gap formation 
and other miscellaneous and indirect approaches. 
Measurement of Interface Temperatures. One can 
estimate when a gap starts to form by measuring the 
interface temperatures and noting when a sharp 
change in these temperatures occurs, Atterton,!? in 
collaboration with Houseman,!% has developed a 
technique of inserting bare thermocouple wires 
through a mold wall in such a way that on entry of 
molten steel into the casting, contact between the two 
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3000 wires occurs, and interface temperature readings are 
then obtained. Since this type of thermocouple has 
only a slight heat capacity, its response is rapid, and, 
as a result, accurate temperatures directly at the in- 
terface can be obtained. 

Houseman’s results!? on a 280-lb steel casting 

























TIME DURING VWAECH INTERFACE METAL REMAINS MOLTEN poured at 2875 F into sand are replotted as Fig. 1. 
| For comparative purposes, his results obtained with 
oe LIQUIDUS (2750F ) T i 
; a sheathed thermocouple for the same sand casting 
| COE TERS SSIES are also shown. The bare wire thermocouple shows 






a short arrest initially at the liquidus temperature 
(2750 F) corresponding to the remelting of the ini- 
tial chilled layer of metal. Because of the heat in the 
mass of the oncoming liquid steel, the chilled layer 
melts and the interface temperature then rises to 
2780 F. 

Molten Metal at Interface. The metal at the in- 
terface then stayed molten for 50 sec, after which it 
remained refrozen. The sheathed thermocouple, how- 
ever, due to its thermal lag, failed to show that such 
phenomena occurred. Thus, the use of sheathed 
thermocouples may result in major inaccuracies when 
recording rapidly changing interface temperatures. 
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2400 
Atterton’s experiments to date have been restricted 
to sand castings, but a bare wire couple such as his 
could be used to accurately record interface temper- 

ence ? y ; ; 0 atures in permanent molds, and in this way be used 

repbeeaes to detect gap formation. 

Fig. 1-——Mold-metel interface temperatures for stesl Bishop and Pellini1+ also measured interface tem- 


cast in sand. Data replotted from reference 13. Pouring 
temperature 2875 F. Bare wires protrude approximately 
\-in, into mold cavity. 


peratures with thermocouples of the sheathed type 
having but a small mass, These data were obtained 
with liquid steel poured into both sand and cast iron 














2800 T T 
CASTING INTERFACE TEMP (STEEL) (permanent) molds. Some of these data are repro- 
i | | duced in Fig. 2. The upper two curves are the in- 

oer 
| terface temperatures that were recorded when a steel 
MOLD INTERFACE TEMP i i i i i 

2400} 8 eee oe ingot 7 in. square and 20 in. high was cast into a 
SAND CASTING green sand mold 7 in. thick. The lower two curves 


are the interface temperatures that were recorded 
when the same size ingot was cast into a cast iron 
“permanent” mold with a mold wall 114-in. thick. 
These data were obtained at the mid-height of the 
ingot. 
Although the ladle pouring temperature was 2800 F, 
the thermocouples at the ingot mid-height indicated 
| that enough heat was absorbed by the mold by the 
time the metal reached the thermocouples to reduce 
MOLD INTERFACE TEMP 
(CAST IRON 21/2 IN.THICK) ___| its temperature to about 2600 F. 
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Note in Fig. 2 that for the sand casting, both inter- 
face temperatures were nearly that of the pouring 
temperature. This indicates that the two surfaces were 
600 probably in close contact (no gap formation), and 
that the sand mold was a rather poor conductor of 
heat. 

on Permanent Mold Interface Temperatures. On the 
other hand, for the permanent mold casting, the in- 
terface temperatures are radically different from each 
other and both much lower than the pouring temper- 
of r ; . . =| ature. The large difference in their temperatures is 
TIME @, MIN probably due to the early formation of gap which, 
Fig. 2 — Interface temperatures in sand and permanent from the sharp decrease in the rate at which these two 
molds for cast iron and steel. Data replotted from interface temperatures initially approached one an- 
ieee 54. Sik pease luepertase S880 5. Belt other, appears to have started to form about one min, 

temperature 80 F. Casting geometry 7 in. square ingot . 
20 in. high. Data obtained at half height position. or perhaps even sooner, after pouring commenced. 
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Fig. 3 — Heat transfer rate of steel freezing in ingot 
mold.7 


Had the two surfaces remained in contact, a com- 
mon interface temperature of about 1540 F would 
have been established (method of Horvay and Hen- 
zel15). Both interface temperatures are much lower 
than the temperature of the steel, since cast iron 
has a much greater ability to transmit heat than does 
sand. 

Bishop, Brandt, and Pellini1® have confirmed that 
these inflections are the result of gap formation by 
inclining a mold at 45 degrees. Under these circum- 
stances, the interface temperature on the upper side 
of the mold showed an inflection, whereas that on 
the lower side did not. This was the expected result, 
since the lower side of the mold must have remained 
in good contact with the ingot. 

Thus, it appears that gap formation in permanent 
molds induces a sharp change in both the casting and 
mold interface temperatures. 

Calculating the Change in the Rate of Heat Transfer. 
Mackenzie’s and Donald’s data,? showing the rate 
of heat transfer in an ingot mold when steel freezes, 
are replotted as Fig. 3 of this report. From these data, 
it can be seen that the heat transfer rate is initially 
zero, quickly reaches a sharp maximum (about 214- 
min after pouring) and then rapidly falls off with 
time. The sharpness of this maximum is increased, 
according to Bailey,17 as the measuring thermocouple 
approaches the mold surface. 

Data of Crane and Linacre,1§ showing the rate of 
heat transfer when steel freezes in a water-cooled 
mold, are replotted as Fig. 4 of this report. Although 
the heat transfer rate has initially increased as a re- 
sult of water cooling, the shape of the curve is still 
similar to that of Fig. 3. Almost instantly after the 
liquid metal touches the mold wall, the rate of 
heat transfer reaches a maximum and then rapidly 
falls off with time. 

Linacre® associates the peaks in the data on Figs. 
3 and 4 with the formation of a gap and states that 
“It is usually assumed that the maximum heat trans- 
fer rate occurs just before the gap forms between 
an ingot and the mold.” All will subsequently be 
shown, both theoretical considerations and heat trans- 
fer analysis of Bishop’s and Pellini’s experimental 
data confirm his assumption. 

Theoretical Considerations Which Tend to Confirm 
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Fig. 4 — Heat transfer rate of steel freezing in water- 
cooled mold.18 


Linacre’s Assumption. The well-known equation for 
conduction heat transfer states that: 


x” 
q/A=K= (1) 


Where 
q/A = Heat transfer rate per unit area into the 
mold. 

K = Thermal conductivity of the mold. 

A* = Distance between the casting mold inter- 
face and a thermocouple used to record 
another temperature within the mold. 

At = Difference between the temperature at 
the casting mold interface and that within 
the mold. 

(All symbols used in this report are defined in the 
Appendix.) 


At the instant the cast metal contacts the mold, 
At is at its maximum and thus the heat transfer rate 
(q/A) is also at its maximum. Since A™ decreases con- 
tinuously after pouring, however, the heat transfer 
rate must also decrease continuously. Thus, the above 
equation tells us that at the instant a cast metal con- 
tacts a mold, the heat transfer rate is at a maximum 
and that it decreases continuously thereafter. 

Heat Transfer Analysis of Gap Formation Con- 
firming Linacre’s Assumption. As outlined in the 
Appendix, one may estimate the heat transfer rates 
into permanent molds both with and without gap 
formation. Fortunately, Bishop and Pellini!4 have ob- 
tained the necessary temperature distributions within 
cast iron molds of 114, 244 and 414-in. thicknesses. As 
a result, the heat transfer rates into these molds both 
with and without gap formation were calculated. The 
results are shown in Fig. 5. The dotted lines are the 
rates which would have been obtained had no gap 
formed. The solid lines are those rates actually ob- 
tained as the gap formed. 

It was noted that the initial heat transfer rates are 
quite high, but that they rapidly drop off to lower 
values regardless of mold wall thicknesses. Note also 
that as mold wall thickness increases, the heat trans- 
fer rate increases but that the effect of gap forma- 
tion is to reduce the overall rate of heat transfer into 
the mold, reducing the chilling effectiveness of the 
mold material. One can also see that during the time 
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Fig. 5— Heat transfer rates into permanent molds. 
Pouring temperature 2795+ 5F. Ingot 7 in. square, 
20 in. high. Data calculated from references 14 and 15. 


interval shown, the heat transfer rates with gap for- 
mation are about one-half those without gap forma- 
tion. 

In order to determine what part of the total heat 
transferred across the gap during solidification was 
by radiation alone, the ratio of the radiation heat 
flow to the total heat flow across the interface has 
been plotted in Fig. 6. 

Note that, in general, the portion of the heat trans- 


ferred by radiation increases with time (gap width 
increasing) and decreases as mold wall thickness in- 
creases. Note also that again the gap appeared to 
form in less than one min, but that for these molds 
full gap width was not obtained, indicating that some 
heat was always transferred by conduction. 


The Analysis of Gap Formation As a Resistance 
Formation. The formation of a gap at a casting-mold 
interface may be thought of as the formation of a 
resistance to heat transfer which increases as gap 
width increases. Thus, gap formation might be sim- 
ulated in an analog computer, for example, by means 
of a variable resistor. The variation in gap resistance 
can be determined by: 


a= AT 
I= (ax) 
(KA) 


This equation for heat flow is analogous to Ohms 


(2) 


x 


= is thus the gap ther- 





laws for current flow, I = 


— e 


R 
mal resistance corresponding to heat flow as the elec- 
trical resistance (R) does to current flow. 


The heat transfer rate (q/A) has been determined in 
Fig. 5. At, the interface temperature difference has 
been measured by Bishop and Pellini. The remaining 
unknown, gap resistance, is thus determined. Its val- 
ue has been calculated for cast iron mold wall thick- 
nesses of 114, 2% and 41¥-in., plotted as Fig. 7. 

It can be seen that the trends of the curves are 
quite similar to those of Fig. 6. As solidification oc- 
curs the thermal resistance increases (increasing gap 
width), and that as mold wall thickness increases ther- 
mal resistance decreases. Resistance variations such 
as these could be duplicated in an analog computer 
by means of variable resistors, thereby simulating gap 
formation in permanent molds. 

Calculating the Width and Time of Gap Formation. 
Linacre® also outlined in detail a calculation of 
the movement of the ingot and mold surfaces after 
pouring. His data indicated that separation of a 
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Fig. 6— Portion of the total heat trans- 
ferred by radiation across the mold-ingot 





interface. Pouring temperature 2795 + 5 F. 
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Interface emissivity 1.0. Data calculated 
from reference 10. Initial mold temperature 
70 F. 
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l4-ton ingot from its mold wall took place about 
2 min after pouring, and that the gap width rapidly 
increased to 0.1 cm. He showed that for the next 18 
min the gap width remained almost constant, since 
both the mold and ingot surfaces were expanding at 
about the same rate. 

Buckland2° also calculated the time of gap forma- 
tion of a 150 ton ingot. Her calculations, based on 
those of a 3 ton ingot, indicated that gap formation 
initiated at the bottom of the sides about 20 min after 
pouring, and at the top about one hr after pouring 
was complete. She indicated that heat conducted 
through the mold wall above the advancing level of 
the liquid steel during pouring, pre-expands the mold 
and accounts for the delay with height of the onset 
of gap formation. 

Lightfoot?! also calculated the time of gap forma- 
tion, and indicated that both preheating the mold and 
increasing ingot sizé delay the formation of a gap. 

Measuring the Time Required for Gap Formation. 
Evidence on the elapsed time between pouring and 
gap formation comes from several experimenters. My- 
kura22 actually measured the time it took a gap to 
form by means of small insulated probes whose ends 
were flush with the inner surface of a | in. diameter 
water cooled mold. Once steel was poured, contact 
was established for the probes, lighting bulbs in 
series in the circuit. Once the gap formed, the lights 
went out and the time that they were lit furnished a 
direct measurement of the time it took to form the 
gap. Four such probes were mounted in the mold at 
the same height, and the lengths of time the lights 
were lit during each of three experiments are repeated 
in the table. 


SEPARATION TIMES IN MYKURA EXPERIMENTS”? 
Experiments Separation Times of 4 Probes (Sec) 


l 11 14 _ - 
2 6 6 12 — 
3 3 15 _ _ 











As Linacre® has commented, there is wide scatter 
in these data and, surprisingly, 5 out of 12 measure- 
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ments indicate that the steel never touched the probes. 
The average time of separation of the above readings 
is 5.6 sec. 

Matuschka! used a similar apparatus with electric 
bells to indicate contact between the ingot and the 
mold wall. He used two probes; one on each of two 
adjacent walls of a 14-ton ingot mold and 10 in. from 
the top surface. His data for a top-poured ingot, 
although somewhat erratic, indicated that a gap 
formed between a 10 in. diameter medium carbon 
steel ingot and a mold wall 314-in. thick, only 1 min 
25 sec after pouring. 

Livshits!1 study was aimed at determining the in- 
fluence of pouring practice upon the time at which 
a steel ingot detaches from the mold. The ingots were 
of the big end down type, 15.7 in. inside diameter, 
and 72.8 in. in length. Three pairs of holes were 
drilled at levels 5.1, 31.1 and 49.7 in. from the ingot 
bottom. . 

Carbon electrodes 3.54 in. apart were arranged flush 
with the inside wall of the mold.and connected to 
three 12-volt light bulbs. Livshits found that in bot- 
tom pouring the gap formed fitst in the lower por- 
tion of the mold 2-3 min after pouring started, 
10- 1114-min at a height 31 in. above the bottom and 
12-13 min at the ingot top. Mold filling time 
averaged 6 min 10 sec. 

In top pouring, on the other hand, he found that 
the gap formed first in the top portion of the mold 
after 9 min, in the middle after 13 min and in the 
lower part after 1414-min. Pouring time was 35 sec in 
this case. 

He attributes the differences in gap formation both 
to variation in the flow of the molten metal in the 
mold during solidification, as well as to mold filling 
time variations. For the top-poured, rapidly filled 
mold, he believed that more rapid loss of heat out 
thé top of the ingot than out the bottom accounts for 
the unusual effect of the gap forming first at the top. 

Various Other Miscellaneous and Indirect Ap- 
proaches. Spretnak23 observed that it was possible 
to see a gap by eye between the top of an ingot and 
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its mold about 2 min after pouring. Desars?4 lifted 
a new 3l4-ton big end down mold 5 min after pour- 
ing, and found that the ingot lifted with the mold 
and dropped out only after a further 10 min of cool- 
ing. When the ingot and mold were initially lifted, 
it could be seen that the base of the ingot walls had 
already separated, so it was concluded that separation 
proceeded upwards and was complete about 15 min 
after pouring. 

In a second experiment, Desars cast the molten steel 
into a big end down mold fitted with a loose plug 
in the base on which the ingot rested. The plug and 
mold were supported by separate weight measuring 
devices, so that it was possible to find what fraction 
of the weight of the ingot was sustained by the mold 
walls. He found that the mold walls supported 34 
per cent of the weight of the ingot at the finish of 
pouring, and that thereafter the percentage decreased 
to zero. The equivalent figure for a big end up mold 
is 50 per cent. 


CONTROL OF GAP FORMATION 


Walker?5 indicates that temperature gradients with- 
in a casting at the freezing metal interface are of 
considerable importance in determining the structure 
of a solidifying casting. Since the formation of a gap 
affects these gradients, control of the gap formation 
might allow one to control casting structure. From 
this literature search, there appear to be several ways 
in which to influence and perhaps thereby control 
gap formation. 

One way is to water cool the mold. Although not 
necessarily desirable, this shortens the time before 
separation begins. A second method of varying the 
initial time of gap formation, according to the cal- 
culations of Lightfoot,?1 is to preheat the mold. This 
has the effect of delaying the time of gap formation. 
One may conclude from Buckland’s report?® that 
since heat conducted up the sides of a mold during 
pouring pre-expands the mold walls, the onset of gap 
formation should be even further delayed by slow 
pouring. 

The duration of the transition period to full gap 
formation can be increased by increasing the surface 
roughness of either the cast metal or the mold inter- 
face, or both. Surface roughness of the casting may 
be controlled by the choice of the deoxidant, since 
the use of aluminum for killing steel leads to a much 
rougher surface than, say, ferromanganese.?® Another 
factor is the method of pouring, as asymmetry and 
turbulence of the in-flowing stream will obviously 
lead to ingot surface roughness. 

It may also be possible to control the time and 
formation of the gap by controlling the other variables 
which affect the heat transfer rate, such as mold wall 
thickness, liquid metal superheat and the coefficients 
of expansion, conductivity, density and specific heats 
of both the cast metal and the mold. 

An idea5 which has been used in industry, and 
which appears to be a way of effectively preventing 
separation, is to fill the air gap with liquid metal. 
Molten lead is poured into the mold at the same 















time the steel is tapped in, thus preserving metallic 
continuity between ingot and mold, and so main- 
taining a rapid and deep chill of the ingot surface. 


CONCLUSIONS OF THE MECHANISM 
OF GAP FORMATION 


From the theories and experimental data outlined 
above, the following conclusions on the mechanism 
of gap formation in permanent molds have been 
reached: 

At the instant of contact between a cast metal and 
its mold, the heat is transferred by conduction at a 
rapid rate. Soon thereafter, a gap starts to form by 
the gradual contraction of the frozen metal away 
from an expanding mold wall. As gap formation takes 
place a transition period of partial contact between 
the casting and the mold occurs, during which the 
heat is transferred by both conduction and by radia- 
tion. Finally, as full gap width is attained the cast- 
ing and mold surfaces no longer touch, and thereafter 
the heat is transferred by radiation. 

The time and magnitude of gap formation appears 
to depend upon the many variables which affect the 
rate at which heat is transferred from a casting to a 
mold. These include, among others, casting size, mold 
wall thickness, mold wall roughness, mold wall tem- 
perature, liquid metal superheat, method or rate of 
pouring and the coefficients of expansion, conduc- 
tivity, density and specific heat of both the cast metal 
and the mold. Separation times from about 3 sec up 
to as long as 20 min after pouring appear in the 
literature. 

The location of the initial gap appears to depend 
again upon the many variables which affect the rate 
at which heat is transferred from the casting to the 
mold. In ingots, for example, one experimenter found 
that separation could be initiated at either the top 
or the bottom, depending upon the method of pour- 
ing which directly affected the local rate at which 
heat was transferred. The gap appears to initiate 
where the highest rate of heat transfer at the cast- 
ing mold interface was obtained. 

The heat transfer rate is at its maximum at the 
instant the poured metal touches the mold and de- 
creases continuously thereafter. 

The effect of gap formation is to reduce the rate 
at which heat can be transferred from a casting to 
the mold and, as a result, increase casting solidifica- 
tion time. In one case in this investigation, gap forma- 
tion appeared to reduce the heat transfer rate by 
about one-half. 

Gap formation in permanent molds induces a 
sharp change in both the casting and mold interface 
temperatures. 
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APPENDIX 


Symbols 


q — heat transfer rate, Btu/hr. 
A — cross-sectional area through which the 
heat passes, ft?. 
Btu ft 
hr ft? F 
At — temperature difference, F. 
A* — the distance over which the temperature 
difference applies, ft. 
I — current flow, amps. 
E — voltage, volts. 
R — electrical resistance, Ohms. 
hr — F 
Btu ~ 
q: — rate heat is transferred into a mold sur- 
face, Btu/hr. 
qa — heat accumulated or stored by the mold 
at any instant, Btu/hr. 
qo — the rate at which heat leaves the mold 
outer surface, Btu/hr. 
the rate heat is lost out a surface by 
radiation, Btu/hr. 
— the rate heat is lost by convection, Btu/ 
hr. 


K — thermal conductivity, 





R, — thermal resistance, 


radiation .* 


convection 


. Btu 
h — the heat transfer coefficient, fe F 
W — weight, Ib. 
Btu 
C, — specific heat, ib F 


dT — temperature difference, F. 
d® — time interval, hr. 
e — surface emissivity, dimensionless. 

T, — ambient temperature, F. 

T, — surface temperature, F. 

T, — initial mold temperature, F. 
T,, — average mold temperature, F. 

p — density, lb/ft*. 

L — mold thickness, ft. 
V — mold volume, ft’. 
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Heat Transfer Problem 


The problem is to determine the heat transfer rate 
into a permanent mold of given thickness both with 
and without gap formation. 

The general heat balance equation that applies is: 
Rate at which heat enters a mold wall, q, — 

Rate at which heat leaves a mold wall, q, = 

Rate at which heat is accumulated in the wall, q, 
or 





qi = Ga + Fo 
where 
- dT 
= (we, qT) mold 
and 
qo = Qradiation 3 convection 
where 
T 4 -, ‘ 
ra on = | 4 -{—— 
Yroaiecs seston [eS (7a) ] 
and 
convection = h A (T, es T,) 
now 
T,—T, ; 
h = 0.7 + (75 , the film coefficient, 
Bt 
nie F , for heat transfer from a vertical 
wall to air stirred only by natural con- 
vection. 19 
and 
T= (Tee 7? T)moia 
d® = @(at time) — @(time — 0) = @un- 
thus, 
a (Ty a T)) 
a ies | we, © mold 
, es, , 
aie {Coo - (iain) "J 
+ 4 qT. 
(0. + 75 Tr) (A) (T, — T,) 
since 
W = pV = pAL 
then 


ears i) (sais) 


+ (07+ B57 5 Te) cr, - «~*) 


For the case of determining q/A with gap forma- 
tion, one merely needs to determine the temperature 
gradients within the mold so that T,,, the average 
mold temperature, and T,, the mold surface tempera- 
ture, are known. 


For the case of determining q/A without gap 
formation, one needs to know how T,, and T, vary. 
By the method of reference 15, a mold-metal inter- 
face temperature of 1540 F was estimated for steel at 
2800 F poured into a cast iron mold at 70 F. Knowing 
an interface temperature, the rate at which the mold 
wall heats, (T,, and T,), was determined by means 
of the tables in reference 19. 











CAST IRON 
HEAT TREATMENT 


by P. H. Dirom, Jr. 





Fig. 1— The two furnaces at the author’s company 
with central control room between them. 


Fig. 2 — Interior of one of the furnaces. 
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ABSTRACT 
The author deals with the various types of heat 
treatments which are in use at his company. Stress 
relieving, higher temperature stress relieving, low tem- 
perature annealing, high temperature annealing, nor- 
malizing and quenching in oil and tempering are cov- 
ered. The discussion covers both gray and ductile iron. 


INTRODUCTION 


Heat treating is defined as an operation or com- 
bination of operations that involve the heating and 
cooling of a solid metal or alloy, for the purpose of 
obtaining certain desirable conditions or properties. 
In this paper the author will deal with six specific 
types of heat treatments: 


1) Stress relieving (1050 F). 

2) High temperatures stress relieving (1150-1200 F). 
3) Low temperature annealing (1250-1450 F). 

4) High temperature annealing (1650 F). 

5) Normalizing (air cooling from 1650-1450 F). 

6) Quenching in oil and tempering. 


Before going into detail on these heat treatments 
the author would like to show some of the equip- 
ment used at his company. The metal building 
houses the furnaces seen in Fig. 1, the two large 
furnaces with the central control room between 
them. The furnace on the left is a large car bot- 
tom direct fired annealing furnace with an effec- 
tive loading area of 186x 72x approximately 58 in. 
high. 

The furnace has two cars so that when a load is 
pulled at the end of a heat, another loaded car can 
be moved into the furnace. The cars have cast iron 
grates on the top of brick supporting piers. The in- 
terior of this furnace is shown in Fig. 2. This fur- 
nace has 16 dual fuel burners. Natural gas is used 
about 80 per cent of the time, and no. 2 fuel oil 
the remainder. The burners are staggered on each 
side of the furnace and located above and below 
the castings to avoid impinging flame directly on 
the castings. 


Furnace Atmosphere Temperature Measurement 


The rods that protrude into the furnace contain 
thermocouples that measure the atmosphere temper- 
ature inside the furnace. The furnace is divided into 
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four zones with atmosphere thermocouples in each 


zone to control the heating and cooling of the cast- 


ings. The four square openings shown are exhaust 
ports equipped with dampers that can be opened 
and closed to control the heating and cooling rate 
of the castings. This furnace may be used for stress 
relieving, higher temperature stress relieving, low 
temperature annealing and high temperature an- 
nealing. 

The furnace on the right is also a car bottom 
furnace of the same size and capacity, but here the 
similarity ends. The car has cast iron grates on top 
of heat resistant cast iron supporting beams. This 
furnace is a recirculating furnace and has a com- 
bustion zone on top with three dual fuel burners. 
Two fans with heat resistant blades blow the hot 
gases from the combustion zone down through the 
metal ducts at the side of the furnace in Fig. 3. 

The hot gases go out under the grates and up 
through the castings into the duct in the top cen- 
ter where these gases are mixed with hot gases from 
the combustion zone and recirculated again. There is 
an atmosphere contro] thermocouple on the furnace 
also. 

This furnace may be used for stress relieving, 
higher temperature stress relieving and low temper- 
ature annealing. Both furnaces have thermocouples 
that are attached to the castings to give actual cast- 
ing temperature. 

In a small bay on one side of the furnace build- 
ing is the heat treating furnace. This furnace is a 
pit type furnace with one dual fuel burner. Figure 
4 shows the operator removing a load of castings 


Fig. 3— Two fans with heat resistant blades blow 
hot gases through the metal ducts at the side of the 
furnace. 
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Fig. 4— Removing a load of castings from the furnace. 


from the furnace. Behind the operator is the oil 
quenching tank of 2000 gallons capacity with a re- 
circulating pump of 1200 gallons/min capacity. The 
furnace has a capacity of 2000 lb including the 
basket. The average basket weight is approximately 
500 Ib. 

This furnace is used for experimental work, for 
oil quenching from 1650 F and to establish cycles to 
be used in the big furnaces. 

This furnace has a program control consisting of 
a plastic cam that controls the heating and cooling 
of the furnace. Figure 5 shows the operator install- 
ing a cam. This furnace, like the others, has a 
thermocouples attached to castings in the furnace. 
Any of the six types of heat treatment may be per- 
formed in this furnace. 


GRAY AND DUCTILE IRON PRACTICE 


Before we discuss specific types of heat treatment 
the author would like to tell you briefly about the 
company’s gray iron and ductile iron practices. Gray 
iron is melted in an acid cupola, and after an in- 
oculation with ferrosilicon the iron analyses in 
the range of 3.25 to 3.45 T.C., 2.00 to 2.30 Si, 
0.70 to 0.90 Mn, 0.15 max. phosphorus and 0.12 
max. sulfur. The tensile strength of this iron in a 
1.2 in. diameter test bar is in the range of 30-33,000 
psi with 180-230 Bhn. 

By using alloys, the company increase the tensile 
strength of this iron to 35 and 40,000 psi in a 1.2 





Fig. 5— A plastic cam controls the heating and cool- 
ing of the furnace. Here it is being installed. 


Fig. 6 — Class 40 iron. 2 per cent nital etch. 100 X. 


in. diameter test bar. The microstructure of the 
class 40 iron at 100X etched with 2 per cent nital 
is shown in Fig. 6. The structure is type A graph- 
ite in a matrix of pearlite. Ductile iron is melted 
in a hot-blast acid cupola with protruding tuyeres 
and then the sulfur is reduced from 0.08 to 0.02 per 
cent max. by calcium carbide injection. 

After the addition of magnesium nodularizing al- 
loys to change the graphite to nodules, and inocu- 
lants to minimize the formation of carbides the 
analysis of the ductile iron is generally in the range 
of 3.45 to 3.65 per cent T.C., 2.30 to 2.50 per cent 
silicon, 0.25 to 0.35 per cent manganese and 0.08 per 
cent max. phosphorus. Figure 7 shows a typical micro- 
structure of the as-cast ductile iron at 100 etched 
with 2 per cent nital. The structure shows nodules 
of graphite surrounded by ferrite in a matrix of 
pearlite. 

About 80 per cent of the ductile iron castings 
are shipped either as-cast or stress relieved. 


HEAT TREATMENTS 


Stress Relief 

In each of the cycles the temperatures given are 
casting temperatures and not oven temperatures. 
The most widely used type of heat treatment is 
stress relief. A load of compressor cases after stress 
relief is shown in Fig. 8. Notice the thermocou- 
ples attached to the castings. 

The cycle used is: 


1) Heat to 1050F at a rate not to exceed a min- 
imum of 3 hr. 


Fig. 7 — As-cast ductile iron. 2 per cent nital etch. 
100 X. 
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Fig. 8— A load of compressor cases after stress relief. 


2) Hold at 1050F for one hr plus one hr/in. of 
casting section thickness. Most castings are held 
2 hr. 

3) Cool at a rate not to exceed 100F/hr to 550F. 

4) Air cool. 


Stress relieving at 1050F causes no change in 
structure or hardness, and has only the effect of 
relieving stresses set up in the casting process. Both 
ductile and gray iron castings may be stress re- 
lieved. Castings which tend to distort in or after 
high speed machining operations or castings which 
must be machined to close tolerances are generally 
stress relieved. 

Castings may be stress relieved at temperatures 


from 900-1200 F. With unalloyed gray iron, at tem- 


peratures above 1050F you begin to soften the cast- 
ings as well as stress relieve. 


Higher Temperature Stress Relief 


Higher temperature stress relief is the next type 
of heat treatment. Figure 9 shows a load of diesel 
locomotive cylinder liners prior to removal from 
the furnace after stress relieving. These castings are 
made of a highly alloyed gray iron. The tensile 
strength of this iron remains about the same after 
stress relief. The cycle used is: 


1) Heat to 1180F at a rate not to exceed a mini- 
mum of 7 hr. 

2) Hold for 4 hr at 1180 F. 

3) Cool from 1180 to 1080F at a rate not to ex- 
ceed 50 F/hr. 


Fig. 9— Diesel locomotive cylinder liners prior to 
removal from furnace after stress relieving. 


4) Cool from 1080 to 200F at a rate not to ex 
ceed 100 F/hr. 


5) Air cool. 


The microstructure of a cylinder liner at 500 
etched with 2 per cent nital is shown before stress 
relief in Fig. 10, and the same casting after stress 
relief in Fig. 11. The casting was 255 Bhn as-cast, 
and the structure was short graphite flakes in a 
matrix of pearlite. After stress relief the liner was 
217 Bhn and the pearlite matrix is somewhat 
coarser. This stress relief is to remove internal 
stresses, and also it improves the uniformity of hard- 
ness in alloy iron castings. The casting with 255 
Bhn as-cast was softened to 217 Bhn, while a cast- 
ing with 223 Bhn as-cast was softened to 212 Bhn. 


Low Temperature Annealing 


1) Heat castings uniformly to 1300 F in a minimum 
of 6 hr. 

2) Hold for 2 hr at 1300 F. 

3) Cool at a rate not to exceed 100 F/hr to 550 F. 

4) Air cool. 


Low temperature annealing is used for castings 
which contain no carbides (cementite) as-cast. 
About 95 per cent of the annealed ductile iron is 
run on this cycle. Ductile iron annealed on this 
cycle will meet a specification of 60-45-15 meas- 
ured in a | in. keel block. The physical properties 
after annealing are in the range of 60-75,000 psi 
tensile, 45-60,000 psi yield, 24-15 per cent elonga- 
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tion and 140-200 Bhn in a | in. keel block. Figure 
12 shows the microstructure in ductile iron after 
low temperature annealing at 100 X and etched with 
2 per cent nital. This structure is essentially ferritic 
with some pearlite remaining. 


High Temperature Annealing 

High temperature annealing is used for ductile 
castings which contain carbides (cementite) as-cast. 
As shown in Fig. 13, the microstructure of 100 x 
etched with 2 per cent nital is graphite nodules in 
a matrix of pearlite with carbides present. 

The cycle used is: 


1) Heat castings uniformly to 1650 F in a minimum 
of 7 hr. 
2) Hold for 2 hr at 1650 F. 


Fig. 10 — (left) Cylinder liner micro- 
structure before stress relief. 2 per cent 
nital etch. 500 X. 


Fig. 11— (right) Sand cylinder liner 
shown in Fig. 10, after stress relief. 2 
per cent nital etch. 500 X. 





3) Cool from 1650 to 1300F at a rate not to ex- 
ceed 100 F/hr. 
4) Hold for 2 hr at 1300 F. 


5) Cool from 1300 to 550F at a rate not to exceed 
100 F hr. 


6) Air cool. 


Holding at 1650 F dissolves the carbides. The mi- 
crostructure after annealing at 100 X etched with 
2 per cent nital is shown in Fig. 14. This struc- 
ture shows the graphite nodules in a ferritic matrix. 
High temperature causes some scaling and distor- 
tion. The company anneals few castings using this 
cycle. If the unalloyed gray iron castings are an- 
nealed on this cycle the following results are ob- 
tained: 





Fig. 12— Ductile iron microstructure after low tem- 
perature annealing. 2 per cent nital etch. 100 X. 








Fig. 13 — Ductile iron microstructure after high tem- 
perature annealing, showing graphite nodules in a 
pearlite matrix with carbides present. 2 per cent nital 
etch. 100 X. 








Before After 
1.2in Bar 30-35,000 Tensile 16-21,000 Tensile 
Castings 180-200 Bhn 130-140 Bhn 
Normalizing 


1) Heat to 1650 F. 

2) Hold 2 hr at 1650 F. 

3) Cool a maximum of 200 F/hr to 1450 F. 
4) Air quench from 1450 F. 


The normalizing treatment may be used to pro- 
duce a structure of 70-80 per cent pearlite in cast- 
ings which contain am excessive amount of cemen- 
tite of ferrite as-cast. At present the company is 
normalizing only ductile iron castings, and this is 
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being done in the small one ton capacity furnace. 


Quenching and Tempering 

1) Heat uniformity at 1650F in a minimum of 7 
hr. 

2) Hold for 21% hr at 1650 F. 

3) Quench in moderately agitated oil. 

4) Temper for 2 hr at 900 to 1200 F, depending on 
the desired physical properties. 

5) Cool from the tempering temperature to 550 F 
at a rate not to exceed 100 F/hr. 

6) Air cool. 


Quenching and tempering is performed on cast- 
ings to produce a desired structure and hardness. 


% <aG@/ 






Fig. 14— Graphite nodules in ferritic matrix after 
annealing. 2 per cent nital etch. 100 X. 
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Fig. 16— Microstructure after tempering. 2 per cent 
nital etch. 500 X. 


Figure 15 shows the microstructure of ductile iron 
as-quenched at 500 X etched with 2 per cent nital. 
The structure shown is graphite nodules in a matrix 
of martensite. The hardness as-quenched is general- 
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Fig. 17— Timing gears of gray iron tempered to 235- 
277 Bhn. 





Fig. 15 — Ductile iron as-quenched microstructure. 2 
per cent nital etch. 500 X. 


ly Rockwell C 54-58. By tempering for 2 hr at 
1025 F the company meets a specification of 100-75- 
04 in a | in. keel block with 235-280 Bhn in the 
casting. Actual properties were 133,750 psi_ tensile, 
105,750 psi yield and 5.5 per cent elongation. The 
microstructure after tempering at 500 X etched with 
2 per cent nital is shown in Fig. 16. This structure 
shows graphite nodules in a matrix of tempered 
martensite. 

Had the tempering temperature been 975F in- 
stead of 1025 F the company would have met the 
specification of 120-90-02 in a | in. keel block with 
269-332 Bhn in the castings. Actual properties were 
140,000 psi tensile, 116,500 psi yield and 4 per 
cent elongation. 

Gray iron castings such as the timing gear, shown 
in Fig. 17, may also be quenched and tempered. 
This casting is tempered to 235-277 Bhn. The struc- 
ture develops both wear resistance and strength. Dur- 
ing the past few years there has been a pro- 
nounced increase in the number of castings which 
receive some type of heat treatment. 








ABSTRACT 

For the ten years or more during which phenolic 
resins have been available for cores and molds, a work- 
ing knowledge of their properties has been well estab- 
lished in foundry core rooms using: them. This period 
has also been one of gradual evolution during which 
grades of resin to meet varying requirements have 
emerged. Both laboratory and foundry experience are 
drawn upon in presenting data as to steel sand core 
mixes, green strength factors, release problems, curing 
costs and the interface gas factor, with attention given 
to cores cured in the oven or dielectrically. 


INTRODUCTION 


The phenolic resin bond began to gain acceptance 
in foundry core rooms some 15 years ago. In 1951 
their adoption was sufficiently wide to justify the pres- 
entation of four papers at the Steel Founders’ Con- 
ference by representatives of foundry organizations 
that had adopted the resin for at least some of their 
core work. But long before these dates phenolic res- 
ins came into use for bonding abrasive grains, par- 
ticularly alundum in resinoid grinding wheels. 

It would seem that the allied interests of the 
grinding wheel industry and the foundry industry 
would have suggested the phenolic resin bond for 
sand cores long before the application was actually 
made. However, the explanation for this lag is sim- 
ple enough when one realizes that the resin bond in 
grinding wheels, though phenolic in nature, is at- 
tained from the acid-catalyzed novolac or two-stage 
type of resin; whereas the core binder is a water so- 
lution of an alkaline-catalyzed single-stage resin, 
which did not arrive on the industrial scene until 
some three decades after commercialization of the 
two-stage resin. 

Of interest to most foundrymen is that the resins 
for shell molding are derived from the grinding wheel 
resins and not from the more recent core resins, to 
which this paper will be limited. 

Actually it was urea-formaldehyde of the thermo- 
setting resin group that first brought synthetic bind- 
ers into foundry use with tangible advantages re- 
lated to its low heat resistance, thus achieving im- 
portance in the casting of light metals. With urea- 
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PHENOLIC RESIN BOND 
IN SOLID SAND CORES 


by H. K. Salzberg and J. J. Greaves 


formaldehyde resin having been the pioneer, it was 
only natural that its counterpart, the phenolic resin 
of high heat resistance, should be investigated, first 
by the curious and then by progressive steel foundry- 
men. In the past three or four years the more dra- 
matic procedures for hardening cores by gassing or 
by air-setting have taken the stage. However, core- 
making and core usage in steel foundries have such 
greatly varying requirements that a review of the char- 
acteristics of the phenolic resin bond appears to be 
in order, especially in view of the continued use of 
these binders. 


FIFTEEN-YEAR CHRONICLE 


The first reference in the TRANsactTions of the 
American Foundrymen’s Society to phenolic resins as 
core binders appeared in 1944 as an article by Mor- 
gan,! wherein the resin was compared with linseed 
oil with respect to green strength, baked strength and 
hardness of core, baking characteristics, hot strength 
properties, gas evolution and to the use of release 
agents. However, the data were obtained on core 
mixes containing more resin than oil, whereas current 
mixes are usually formulated with less resin than the 
oil it might replace. 

A paper presented to the Society in 19492 disclosed 
the properties of phenolic resins as offered for core 
bonding at that time, with data on green and baked 
core properties, their dependence upon the moisture 
content of the sand mix, the increase in green strength 
as the core stands in the air, baking characteristics, 
the retained strength of burned cores and typical mix 
formulas with costs. McMillan and Wickett? ex- 
panded upon the importance of the cereal-to-water 
ratio in phenolic resin cores, upon the effect of kero- 
sene on core physical properties and upon the im- 
portance of the mulling cycle. 

Greenlee* confirmed the importance of the cereal- 
to-water ratio and the detrimental effects of release 
agents on core physical properties, and included data 
on strike-off characteristics of resin-bonded core sand. 


Subsequent to these early investigations, phenolic 
resins were included as core binder in studies of the 
hot tearing of steel castings5 and in veining tenden- 
cies, but without directly relating these defects to the 
core binder. However, Middleton? compared phe- 
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nolic resin cores with linseed oil cores as to the hot 
tearing of a steel test casting, and found equal occur- 
rence of tearing for the two types of core in small 
castings, with a small advantage for the linseed oil 
cores in the larger casting. 


Recent Investigations 


More recently, the physical properties and strength 
specifications for the purchase of phenolic resin core 
binders have been disclosed by one steel foundry;§ 
and Shumaker® published information on the bulk 
handling and storage of liquid resin binders, includ- 
ing the phenolic type. A useful table shows how the 
viscosity of phenolic resin increases as its tempera- 
ture decreases. One would have expected to find ref- 
erence here to the advantageous practice of cooling 
the resin to the range of 50-60 F at its source, before 
shipping, to thus prolong its storage life at the 
foundry. 

Schubert1® evaluated five different commercial 
phenolic resins for baked strength, the effect of high 
humidity on core strength, and gas evolved from unit 
weight of core at 2500 F. The results, applicable to 
the baking of phenolic resin cores, showed that 


1) There was an optimum baking time and temper- 
ature for each resin. 


2) Baked strength holds up well on overbaking. 


3) Exposure of baked core to an atmosphere of high 
humidity causes less decrease in strength if the 
core had been baked at the optimum temperature 
(usually 450 F). 


4) Baked cores, reheated and tested for strength at 
250 F, were weaker by 20-45 per cent. 


5) Gas evolution was less from cores baked at 450 F 
than from cores baked at lower oven temperatures. 


Later, Schubert11 showed that a cubical test core 
attained the temperature of boiling water at its cen- 
ter somewhat quicker when bonded with phenolic 
resin than when bonded with core oil. The tempera- 
ture rise within the core, following driving out of the 
water, reached a level substantially higher than the 
temperature of the oven atmosphere surrounding the 
oil sand core, attributed to the exothermic curing 
of the oil bond. The resin-bonded core did not at- 
tain a temperature higher than the atmospheric oven 
temperature, indicating no exotherm in the resin 
core during this stage of the cure. 

It is suggested by us that, since phenolic resins of 
this type are known to possess considerable exotherm 
potential, the exotherm stage of the cure in this ex- 
periment occurred during the earlier stages of the 
heating up of the core. To demonstrate the need for 
oxygen in curing the oil sand core, the test core was 
heated to oven temperature in an atmosphere of ni- 
trogen. It failed to acquire any strength, whereas the 
resin core attained baked tensile strength of 135 psi 
when cured in the absence of oxygen. 


The British Foundrymen’s Subcommittee T.S. 30 
reported in 195212 the results of the experience of 30 
foundries with thermosetting resin core binders, in- 
cluding phenolic resins. With respect to the perform- 
ance of either liquid or dry forms of phenolic resin, 
an approximate equivalence to linseed oil was re- 
ported as to bench life on the sand mix, resistance of 
the core to overbaking, resistance of the core to de 
terioration in storage, destruction of the core by heat 
of the metal, ease of knock-out of core and casting 
finish. The report, however, is not broken down by 
metals, and we therefore suggest some degree of reser 
vation as to the pertinence of the conclusions to steel] 
castings. 


PHENOLIC RESIN BOND 
GENERAL CHARACTERISTICS 


Definitions of phenolic resins relating to the chem- 
ical reactions involved in their preparation have been 
given in these AFS Transactions,!-? and will not be 
repeated here. Instead a brief review of the main 
characteristics of the bond and how it is formed will 
serve as introduction to the data presented. 

One-step, liquid phenolic resin core binders, as a 
class, are water-soluble and thermosetting. They are 
curable by drying and heating to a hard state, which 
is adhesive to the silica surfaces of sand grains, re- 
sistant to water and solvents and burning to gases 
and carbon without melting and without leaving any 
significant amount of ash behind. Thus in the se- 
quence of going from the sand mixture to casting, 
the resin disperses in the water of the core mix, dries 
on the sand grains, hardens in the oven and burns 
out in the mold. This basic description of what hap- 
pens might be enlarged to advantage in our under- 
standing of certain important points relative to the 
use of this bond in cores. 


Water Solubility 

The water dilutability of liquid phenolic resin or 
the solubility of one-step dry resin powder in water 
are changing properties, slowly diminishing as the 
resin ages. This happens because the resin, being 
thermosetting, slowly advances in cure even at room 
temperature. Liquid grades thicken to an unusable 
state in 4 to 6 months at room temperature; dry 
grades become insoluble in 6 to 8 months, depending 
upon the actual storage temperature. 

However, within these time periods the core mak- 
ing efficiency of either type remains undiminished 
by changes which slowly take place. Resins, liquid or 
dry, are usable for much longer periods than indi- 
cated above, when they are stored under refrigera- 
tion. Liquid resin begins to lose strength at the age 
at which a separation of resin and water becomes dis- 
tinct. One-step dry resin powder begins to lose its 
strength when a sample refuses to dissolve completely 
in an equal weight of water. 


The Cured Resin 
The cured phenolic resin bond is brittle13 and of 
a high degree of hardness. Plasticizing or toughening 








ire indicated as improvements in bonding the more 
‘ragile cores. 

This is sometimes approached by including in the 
core mix a small amount of core oil or alkyd resin, 
or by adding glycol plasticizers in an amount minor 
compared to the resin present in the mix. The bond 
is not completely resistant to moisture vapor, but the 
same is true of even the pure linseed oil bond.14-15 
Cores are best stored in dry atmosphere and not held 
overly long in green sand molds. Thermosetting res- 
ins, as a class, might be defined as agents which serve 
to increase the water resistance of the cereal binder 
also present. Their resistance to solvents is of some 
consequence when the cores are subsequently coated 
with washes containing alcohol or oil. 


The Silica-Resin Bond 


Adhesion of the phenolic resin to silica and to 
other refractories has received attention by Taylor and 
co-workers;16-17 the results applying however to shell 
molds and cores. Adhesion under conditions prevail- 
ing in the forming of cores from water-containing sand 
has received less attention. Discoveries in non-aqueous 
sand, as characteristic of shell-molding sand, cannot 
safely be applied to cores bonded from water solu- 
tions of resin and cereal. The bond in solid cores 
for steel castings is primarily one of an interface of 
cereal binder with silica, and it would be presump- 
tuous to apply directly the data which have been 
published on straight resin-to-sand adhesion. 

Whether, in a sand core, failure occurs in the res- 
in-cereal bond or at the interface between sand grain 
surface and bond is not known. If the failure is in- 
terfacial, a study of the molecular structure which 
prevails on the surface of the sand grain, on the one 
hand, and of the adhesive bonds which can be pre- 
dicted as present in resin-cereal, on the other hand, 
should be rewarding in the continuing objective of 
reducing the amount of total binder which must be 
used to obtain sufficiently strong cores. The fine struc- 
ture and molecular characteristics of the surface of 
the sand grain is suspected to be of importance in 
the bond strength of resin-cereal cores, and may some 
day be the subject of investigation. 


SAND FACTORS AND TESTING 


There are sand factors which to date take prece- 
dence over the surface factors when it comes to mak- 
ing good cores. These relate to average grain size, 
grain size distribution and to shape of grain; the lat- 
ter determining in large part the degree of packing, 
or the density and therefore the strength of the core. 
It is therefore of great importance that comparative 
tests of different core materials be made on the same 
sand, and preferably on the sand of a single ship- 
ment. A further refinement, which eliminates the sand 
factor in testing, is to blend a good supply of the 
core sand in use at any one foundry by dry mixing 
a ton or two from a typical shipment, and setting 
this aside for use only in research and control work. 
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The practice of also setting aside shelf samples of 
each shipment of resin core binder for possible later 
reference is also to be recommended.!8 These sam- 
ples are best stored in an area where the tempera- 
ture does not exceed about 70 F. 


Response to Heat 


The thermosetting nature of phenolic resins directs 
its application to the curing of cores in either con- 
vection or electronic ovens. Apply heat by either 
source and the bond cures and hardens, regardless of 
the presence of the other usual core ingredients. Once 
cured it stays cured during whatever subsequent op- 
erations are applied to the core. The bond is not 
soft in the cooling core, and does not soften during 
heat drying of core paste or wash. It does not melt 
when warmed by the incoming metal, but remains 
hard and rigid until burned out. 

An additional property deriving from the effect of 
heat, but as yet not fully measured in core baking or 
heating in the mold, is the exothermic nature of the 
cure. As the resin cures heat is developed, thus speed- 
ing both the baking of the core and its decomposition 
in the mold. This effect is undoubtedly smail in the 
thin unconfined films of resin as they exist in the 
core, but may, if close measurements were made, ac- 
count in part for fast baking of the core and for its 
ready collapse in the mold. 


Gases Evolved 


The chemical composition of phenolic resins is such 
as to expect the evolution of both carbon oxides and 
hydrocarbons from dry sand cores upon pouring of 
the metal. The relative proportion of these gases de- 
pends upon the degree to which oxygen is present 
in the mold during rise of the metal. Cured phenolic 
resin contains 80 per cent carbon, 6 per cent hydro- 
gen and 14 per cent oxygen. The complicated reac- 
tions which occur in the combustion of this bond 
depend primarily upon the availability of oxygen. 

The degree to which hydrogen and hydrocarbons 
are oxidized is most difficult to predict in view of 
the presence in most cores of cereal binder, which is 
also being simultaneously converted to gases. Locke 
and Ashbrook!% analyzed the gas evolved from mold- 
ing sand containing cereal binder and bentonite, ob- 
taining substantial quantities of carbon monoxide, 
hydrogen and nitrogen, but the combination of ce- 
real and resin has not been so investigated. 


From the practical standpoint of total gas-forming 
material in the core as it is inserted in the mold, the 
relatively low amount of phenolic resin required to 
obtain hard cores indicates less total gas as molten 
metal contacts core. Also, experience has shown that 
the burning of phenolic resin under: conditions pre- 
vailing in the mold does not evolve as much carbon, 
as such, as does core oil, rosin, seacoal or pitch. 
Smoke from a phenolic resin-cereal core is at a low 
level. The chemical nature of the resin, however, re- 
sults in the evolution of a small amount of formal- 
dehyde, which, together with the combustion prod- 
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ucts of the cereal, accounts for the acrid nature of 
the gases experienced at the pouring stations. 

Phenolic resins belong to the category of binders 
which leave but little mineral matter behind on com- 
bustion. 2° 


Aging Characteristics of Phenolic Resins 


The rate of advancement of the liquid resin in 
storage can be followed by the simple expedient of 
determining its tolerance for added water, that is, the 
percentage of water that can be added before pre- 
cipitation of resin solids. Water can be added to fresh 
resin in almost unlimited amount, diminishing later 
rapidly during the first few weeks, then leveling off 
at lower values after several months. 

A typical batch of liquid resin, of the alkaline wa- 
ter-solution type used in foundry core rooms, was ob- 
served for changes in properties over a period of 142 
days storage at 70 F. The data are presented in Ta- 
ble 1 and Fig. 1. Being thermosetting, liquid phe- 
nolic resins slowly advance in cure even at room 
temperature. The changes are mainly an increase in 
viscosity and a decrease in water dilutability. Finally, 
after some months, the resin will have advanced to 
the stage where no water can be added without pre- 
cipitating resin solids. 


TABLE 1— AGING RECORD OF LIQUID PHENOLIC 
RESIN CORE BINDER 





Days Since Manufacture 
6 14 21 29 3% 42 49 56 8S $8 Il 142 
Water dilutability, % 
Unl. 2600 1280 1100 690 570 310 260 260 250 150 0 


Core Strength 
Green comp., psi 
0.55 06 055 0.6 0.55 045 0.5 0.43 0.65 0.55 0.65 0.6 
Baked Tensile at 
30 min 
230 230 230 220 225 265 215 235 210 205 245 235 
60 min 
240 245 220 235 220 215 230 215 225 195 165 210 
Scratch hardness 
95 96 








97 97 s6 2 H@ S&H M&M MH 8 


Unl. — Unlimited 

Core formula: 1% cereal, 1% resin, 0.5% kerosene, 0.025% release agent 
in N.J. silica sand, Gfn 70, at 5% moisture content, or 
coded: N.J. 70/5/1/1L/0.5/0.025. 

Core strength and hardness values are averages of three test specimens. 
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Following this period, water begins to separate out 
as a layer on top of the thickened resin. However, at 
the stage at which water tolerance has just become 
nil, the resin still maintains its full core-binding 
strength, in cores of typical resin-cereal-water compo- 
sition. 


SANDS AND THE PHENOLIC RESIN BOND 


The factors which determine the bond strength of 
green and baked cores present a most formidable chal. 
lenge to one who would venture to develop laws to 
cover the general case. One must take into consider- 
ation many things—the specific surface of the sand 
grains, their degree of packing, distribution of the 
bond in the fine capillary points of contact between 
grains, the chemical bonds which determine the 
interface between binder and silica, the stress-strain 
relationships in the adhesive itself and the manner in 
which stress is applied to the sand and to the core in 
arriving at strength values. 

Any investigation of the fundamentals of the bond 
existing in solid core practice should be directed to 
the resin-cereal-water combination rather than to the 
resin alone. 

For practical purposes it is of first importance in 
the core room to know that sands of different origin 
differ widely as to both green and baked properties 
in the same core mix formula. This holds for the 
phenolic resin-cereal bond as it does for other ma- 
terials. Each of the earlier investigations of phenolic 
resin core binders was confined to the use of a single 
sand. To extend the information on this bond, cores 
were made on a typical resin-cereal formula with sand 
type the only variable. The standard laboratory test 
formula is: 


I I oi 555.9. opis tein Gee Commas .. 4000 
CE 25 Chin ccxten gtweawe dete} ogee 
Mix 2 min 
Eg a aein es ain abe heme rts ehees 160 
Ss SNE, UND, 001.6 555 05 bc etiaw' sie cos) ae 

(20 grams if dry) 
Mix 5 min 
I MOE Soe Dy re GIssa sie aio aun %s Sn aaie Caw 20 
Release, dry or liquid 
IA Sa os NE eee ee eee 1 
Oe sew ns Pe re cere, Loe errr eer eee 2 
ee Dry, 2 min 


Water & resin, 5 min 
Kerosene & release, 2 min 


The green sand is discharged into a container, 
covered and, when all sand mixes in a test series have 
been prepared, the core specimens are formed and 
baked. Thus, there is no long holding of the green 
sand before forming the test cores. A prolonged hold- 
ing period here may influence the test results, if the 
sand mix contains an ingredient which has a prema- 
ture curing action on the resin at room tempera- 
ture. Complementing the precaution is that of pre- 
venting the green sand or core from superficially dry- 
ing out before forming or baking the specimens. 

Three cores are made and baked from each mix, 








ind the strength values averaged. The green strength 
values are in terms of green compression on the stand- 
ird 2 in. cylinder specimen. Twenty different sands 
were screened to obtain the AFS fineness number 
Gfn). In Table 2 they are listed by commercial names 
in ascending Gfn order. The core formula varied 
from that above in having only 0.5 per cent of resin, 
so that no core would be too strong for the strength 
machine. 

By subjecting the test values of Table 2 to statis- 
tical analysis, a positive correlation index of 0.7 is 
obtained between Gfn of all the sands and green com- 
pression values. Since an index of 1.0 signifies per- 
fect correlation, this analysis points to the existence 
of factors other than fineness of grain to affect the 
green strength of the cores. Closer inspection of the 
sand list and application of knowledge concerning 
the characteristics of these sands, other than grain 
size, clearly shows that variations in purity with re- 
spect to silica and in grain shape and size distribu- 
tion prevent an exact equating of grain size alone 
with green strength. 


TABLE 2— SAND GRAIN FINENESS AND 
CORE STRENGTH 





Test Core Mix 











SE GI, ID ona dcewuicn dvav en tiwctdguns deed enlpawsdys 4000 
SG PIED x 9505 hop pairs a Sensory sees nes an tmeeeeRe cain 40 
I rahe dies CN gird a sia 5 6a goa eral, Sb gle cre aan te 160 
Pe, SIN, WUE ons as selec cee sweeps sen tscs tens 20 
CE ME don. ss cb urecned to0 outed seas piven baebaeees 20 
ee eer reek eer ee error: re eres Ty 2 
Baked Tensile 
Green Comp., Strength, 
Sand Gfn psi psi 
Provincetown 24 0.78 128 
Rawdon (Canada) 35 1.01 103 
New Jersey 30 4] 0.50 103 
Kingston (Canada) 45 0.42 157 
Manistee 46 0.36 180 
50/70 Testing 50 0.40 235 
Bond 51 0.43 205 
Michigan City 52 0.40 190 
New Jersey 40 52 0.41 170 
Crude silica 52 0.82 166 
Ottawa Banding 55 0.64 260 
Festus 58 1.18 132 
Wilmot 59 1.07 100 
New Jersey 80 63 0.74 104 
McConnellsville 82 1.12 86 
Whitehead E 90 0.68 98 
McConnellsville 97 1.08 98 
Juniata Bank 109 0.95 78 
McConnellsville 113 0.90 92 
Providence River 117 1.28 143 





The same statistical procedure applied to all sands, 
and baked strength values results also in a correlation 
index of 0.7, but here the correlation is negative. The 
interpretation is that as Gfn increases the baked 
strength generally increases when no change is made in 
the core mix formula. Here also the correlation is 
not perfect, factors other than grain size exerting an 
influence to prevent a perfect fit of baked strength 
to grain size, and, therefore, incidentally to grain 
surface area. 
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From the data presented we can generalize that, 
over a number of sand types, green strength values 
will probaby (in 7 out of 10 times) increase by switch- 
ing to any finer sand, and that the baked strength 
will probably decrease (by the same odds). The 
correlation index of 0.7 is obtained from the data of 
Table 2, when green strength is matched against 
baked strength. This permits a cautious generaliza- 
tion that sand mixes of higher green strength are apt 
to show lower baked strengths under the same degree 
of ramming and core baking, and with no change in 
core mix ingredients other than sand. This approx- 
imate but quick method of estimating the correlation 
between two variables is illustrated in Fig. 2. 

Thus, if the target of investigation of bond strength 
is to be, for instance, the interface of the silica grain 
with resin cereal in cores of sand of different origin, 
it is imperative that the variables of grain size, size 
distribution, shape and impurities, be phased out. 
This is to permit dealing with the uncontaminated 
silica surface, as it may vary in molecular nature from 
one geologic source to another. These variables must 
be understood and weighed in any study leading to 
modification of the bond interface itself. 


Resin to Sand Ratio 


There are good technical reasons in the foundry 
for avoiding excessive binder in core mixes, and 
these reasons can serve to support the obligation of 
avoiding also excessive costs in purchasing. Too 
many cores have been made with more resin in the 
mix than is necessary. The dominating factor de- 
termining the strength of core, both green and baked, 
is the ratio of water to resin solids plus cereal, and 
not the ratio of resin to sand. In cores to be oven 
baked, adjustment of core mix formula to attain 
maximum baked strength is first sought in the de- 
termination of water required. 

For most cores, a combination of 0.5-1.0 per cent 
of resin with 1-2 per cent by weight of cereal binder 
is adequate, if the moisture content is adjusted to give 
the required baked strength. However, electronic bak- 
ing is more economically done at lower core mois- 
ture, which is therefore made up by a small increase 
in resin content. 

That the solids content of liquid resin is, within 
limits, somewhat inconsequential to core strength in 
the presence of cereal binder was shown by a series 
of core oven baking experiments in the authors’ com- 
pany’s laboratory (Table 3). Here a commercial 
grade of phenolic resin was diluted stepwise with 
water, then used to bond cores on three different 
sands containing also 1 per cent of cereal binder, 
and keeping moisture content constant at an even 
4 per cent. Within the range 60.7 per cent to 65.7 
per cent solids baked strength and hardness of core 
did not change materially. 

This leads to some doubt as to the importance of a 
solids range specification on liquid phenolic resin 
binder. Instead we are induced to return to a con- 
sideration of the fundamentals of adhesion that op- 
erate in the sand core, that is to a realization that 
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GREEN COMPRESSION (PS!) 


the chemical makeup of the resin rather than the 
amount used primarily determines its contribution 
to the strength of the core. 


TABLE 3— BAKED CORE STRENGTH 
AND HARDNESS 





Phenolic Resin of Varying Solids Content 
Sand Mix 





RE KM a ae eta in pew aia aiwiasole eb kiale {Wie she i SA RN RRS 4000 
INES Gos one biking o¥ne haa ne dewNeedac Vers ewes 40 
I MINI 051.25. 6 sid. ws. cs cra rece eafw Sig's aad pat aslo’ 40 
ara Boe bake oi Be Cale p xhie x eee Sa alae Hb sa aEa ews 160 
Ss she Safa ata iigl cme oi shane Nw ald ore AUER ED aA 20 
a eS ae we pan kd a eas oe bladed wes l 





Mich. City: 
Juniata Bank 





Sand Type: New Jersey 80 Wedron 70 (1:1) 
Resin ‘ 
Solids, 65.7 60.7 55.1 65.7 60.7 55.1 65.7 60.7 55.1 
Baked Tensile, psi 
At 400 F 
30 min 210 225 220 362 360 357 260 205 205 
15 min 210 215 220 367 363 332 235 220 240 
60 min 200 190 200 356 355 300 245 235 220 
Scratch Hardness 
At 400 F 
30 min 94 94 94 95 95 98 9% 8% %6 
15 min 90 90 90 98 98 98 % 9% % 
60 min 93 93 93 98 98 98 % 9% 96 











Fig. 2— Correlation between green and baked 
strengths. 


Release from Core Box 


Inspection of the commercial core mixes of Table 
6 shows that most resin mixes include a release agent, 
carried by kerosene or fuel oil and added last in the 
mulling cycle. Often the release and oil are pre- 
mixed, but they can be added separately if the man 
at the mixer prefers to do so. Here is some informa- 
tion, based upon experience, concerning release 
agents, that bears upon the physical properties of 
the green and baked core. 

If one first visualizes that the release agent is 
drawn preferentially from the sand mix to adsorb by 
molecular forces as a thin layer on the surfaces of the 
core box, the effectiveness of the small amount of ma- 
terial in the sand is understood. The need for only 
a thin coating of release, replenished from the sand 
on each contact in the core box, is a deterrent to 
overadding release at the muller. The importance 
of a correct balance between release and other in- 
gredients in the sand mix is evident from the obser- 
vations: 


The nature of release agents for phenolic resins 
is such as to reduce the green strength of the sand. 


_ 
— 


2) Excessive release may also reduce the strength of 
the baked core. 


3) Excessive release will cause more sand to stick to 
core box surfaces than if the optimum amount is 
used. 

















t) The proper amount of release is dependent upon 
a) the resin content, more resin requiring more 
release, b) moisture content, more release being 
required at higher moisture contents and c) the 
non-resin ingredients, an increase in cereal per- 
mitting a decrease in release, whereas fines, such 
as silica flour or fine sand usually requiring more 
release. 


Fortunately, a convenient criterion of the release 
properties of a sand mix while in certain mullers is 
at hand, for it is demonstrated that if the muller 
wheels become shiny and do not pick up sand grains, 
the sand will have good release properties in the core 
box. It has been well established, however, that resin 
sand will not release well from shellacked wood, but 
does release from aluminum pigmented coatings and 
from lacquer coated wood. An interesting alternative 
to kerosene release partings is the inclusion of core 
oil with phenolic resin binder (Mix K, Table 6). 


Electronic Curing 


Two core mix formulas being cured by high fre- 
quency current are listed in Table 6. For some time 
after the introduction of phenolic resins uncertainty 


TABLE 4— STRENGTH PROMOTERS FOR 
ELECTRONICALLY CURED CORES 


Phenolic resin and 1% cereal as binder, 4% moisture 
Values in tensile strength, psi at room tenip. 


Illinois Silica Sand (Gfn 70) with 0.65% phenolic resin powder 
Sand Replacements, % 0 1 2.5 5 10 20 

















Mich. City Lake Sand 228 — — 245 270 290 
Burnt Molding Sand 205 290 203 240 = _ 
Sand Additives, % 0 01 02 65 10 2.0 3.0 
Fire clay 1 210 — 223 250 35 — — 
Aluminum silicate 198 192 230 240 226 — —_ 
Graphite 184 — 180 221 212 — _ 
Mixture of above 3 components* 
in Ill. Silica Sand 210 — — — 365 367+ 367+ 
in Mich. City Lake 
Sand 244 — — — 271 250 250 
in N.Y. McConnells- 
ville Sand 184 — — — 184 190 178 
Mich, City Lake Sand Gfn 55 with 1.0% liquid phenolic resin 
Sand Additives, % 0 02 05 1.0 2.0 3.0 
Fly ash 168 205 200 223 _ _— 
Same mixture as *, above 190 —_ — 173 237 248 


Test cores cured’ for 2 min in a laboratory electronic oven at 
4000 v, 8 mc, 4-in. air gap. 





plagued both resin producer and foundry engineer as 
to whether this binder could be cured in the same 
dielectric units which had been adopted for the cur- 
ing of urea-formaldehyde resins. The confusion was 
understandable from the known requirement of more 
heat for curing phenolic resins than for curing urea- 
formaldehyde resins. 

This problem has since been resolved by the dis- 
covery that there are differences in sands with re- 
spect to their response to the high frequency current, 
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and by finding additives that make a good conduc- 
tor of a poor conducting sand. 


Boric acid is the universally used high frequency 
current carrier in cores bonded with urea-formalde- 
hyde resin, and was therefore naturally included in 
the first phenolic resin cores to be dielectrically cured. 
Uneven results were experienced. Laboratory tests 
often showed a sharp drop in dry strength of dielec- 
trically cured cores when boric acid was included 
with phenolic resin as binder. Other additives, which 
would be expected to enhance the current carrying 
capacity of the core, as it approaches dryness, were 
investigated. 

Materials which have been shown to be effective 
in this way, when added to pure silica sand, are 
molding sand, clay, graphite, fly ash, and aluminum 
silicate. Others no doubt will be found. Also, as shown 
in Table 4, a partial replacement of pure silica sand 
by a less pure lake sand substantially increases - the 
strength of the dielectrically cured core. 

These test data on the individual additives led to 
the compounding of a mixture of the more effective 
materials, and its effect is also shown in Table 4 and 
Fig. 3. Of doubtful value in our tests were iron oxide 
and mica. 


SHOP PRECAUTIONS WITH 
PHENOLIC RESINS 


The first attack of contact dermatitis in a core 
room, an unrecorded event in history, probably oc- 
curred when the first cores were made by hand. The 
problem has been with the industry ever since, at 
times being acute and at other times losing impor- 
tance. With the increased use of resin core binders, 
the dermatitis problem has intensified to cause con- 
cern among coremakers and their employers. 

Water soluble phenolic resins necessarily contain 
some residual free phenol and formaldehyde, which 
are probably the actual irritants. Resin suppliers are 
alert to this problem, and are formulating the res- 
ins with low limits on the amount of free chemical 
present. Liquid phenolic resins being made today con- 
tain less than | per cent formaldehyde. The free phe- 
nol content cannot be accurately determined, but ap- 
pears to be in the range of 3-5 per cent. 

Dry powder resins contain lower amounts of these 
free chemicals. Resin manufacturers are prepared to 
recommend additives at the muller which have a 
neutralizing effect on free formaldehyde and phenol. 
Cereal binder itself has the property of absorbing 
these chemicals. 

Several hundred foundry call reports were reviewed 
in order to arrive at an approximation of the pro- 
portion of resin users who have experienced derma- 
titis from the core mix. The record by years is 
shown in Table 5, which is made up from reports of 
experience with several commercial phenolic resins, 
liquid or dry, of the same general type and formula- 
tion, but not identical. 

The record shows that dermatitis occurred with 
varying frequency, with no cases reported in two dif- - 
ferent years, to an incidence as high as six in 50 
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TABLE 5— DERMATITIS INCIDENCE IN FOUNDRIES 
USING PHENOLIC RESIN CORE BINDERS* 





























No. of Steel Foundries 
Foundries Reporting Visited and Using 350 } HF 89 
Dermatitis Phenolic Resin 
A APR eee nee 0 36 
Ne adupdasecs i whe vkees 2 17 
LR al ore 4 37 
PE ies Wiedn seewae aes 5 66 
ia a ee 6 50 
ARS aa eee 45 
MES Wiad aie oust ans acetals 0 33 
A Soc m ving ba 080 2 16 300 | FIRE 
BE Bh iecesamgnaiel 12 m CLAY 
a eee ee et 2 21 4 
* Commercial grades, liquid and dry. pd 
= 
© 
4 ‘ 
WwW 
ec 
& ALUMINUM 
uw 250} SILICATE 
= 
” 
z GRAPHITE 
Fig. 3— Strength promoters for electronically cured ~ FLY ASH 
cores. 
200 
0 0.5 1.0 
SAND ADDITIVES (%) 
TABLE 6— STEEL FOUNDRY CORE MIXES EMPLOYING PHENOLIC RESIN 
Ingredients in % by weight of sand-plus-mineral additives 
Moisture Resin, Resin, Kero- Mineral Oven Core Steel 
Sand, dry Gfn Content Cereal Liquid Dry sene Release Additives Temp.,F Forming Tvpe Casting 
A. New Jersey 60 4.5 2.2 — 1.1 0.4 _— Bentonite, 0.2 400 Rammed Carbon Various 
B. Nevada 70 3.4 0.25 0.25 0.5 0.25 sand —_ 350 Blown Alloy Various 
oil 
C. Gfn 35 3.8 1.0 1.7 — 0.75 0.1 Silica, 12.5 500 Blown Valve (Pouring 
Clay, 0.5 cup) 
Iron oxide, | 
D. Pettinos 70 1.2e 0.75 oe = 1.25 0.2 cs 450 Blown Alloy Magnet 
E. Hatfield 52 5.6 1.5 _— 1.0 0.75 0.07 —_ 410 Rammed _ Alloy Valve 
F. Rockwood-Molding — 1.8e 1.0 1.9 — 0.4 0.1 Boric acid, 0.5 Elec. Rammed Alloy Wrench 
(1:1) Bentonite, 0.5 
G. Reclaim — 3.le 1.0 1.7 _ 0.7 0.1 — 450 Rammed Alloy Magnet 
H. New Jersey 60 6.6e 2.2 0.9 -- 0.5 0.1 Silica, 16 Elec. Rammed Carbon Various 
Iron oxide, 1.4 
I. — 18 5.0 2.0 _ 1.0 2.2 0.3 Silica, 2 375 Rammed Carbon Various 
Fire clay, ] 
|. _ 60 3.3 1.0 1.7 — 1.0 0.5 Silica, 2 400 Rammed Carbon Various 
Clay, | 
Iron oxide, 1.3 
Bentonite, 0.8 
K. Portage 75 7.0 0.5d 0.25 a core 0.5 Silica, 7.5 450 Rammed Carbon (Gate 
oil Bentonite, 1.5 cores) 
¢.. — 50 6.0 1.5 1.0 -- 0.4 0.5 Silica, 10 400 Rammed LowC Railroad 


e—estimated, other moisture values determined. Elec.—Electronic curing. d—dextrin 














pundries in one year (1954). The record does not 
how any strong indication that the problem is either 
vecoming more acute or is diminishing. Supervised 
satch tests show phenolic resins to be in the category 
f primary irritants, and it is the purpose here to re- 
nind the reader of the simple preventive measures 
hat are available. 

Contact dermatitis manifests itself in one of three 
ways: 1) as red, itchy skin, 2) as small blisters and 
3) as dry and cracked skin.2! An irritating chemical, 
such as phenol or formaldehyde, has a drying out ef- 
fect on the skin, and tiny cracks may appear. Bac- 
teria, always present, enter these cracks and cause the 
skin to exhibit one of the above conditions. Gen- 
erally dark-skinned, dark-haired workers are less sus- 
ceptible to irritation than fair-haired, light-skinned 
persons. This is not always so.4 

Experience has shown that the prevention of der- 
matitis is much easier to accomplish than its cure. 
Strict personal hygiene has proved to be the best pre- 
ventive. A thorough scrub with soap at the end of the 
shift will protect most workers.21 An antiseptic soap 
is to be recommended?? even though the chemicals 
in the resin are, themselves, strongly bactericidal. 
Protective creams have not proved entirely satisfac- 
tory in the core room because the sand abrades away 
the protective film. 

However, if a cream is selected which protects 
against water-soluble chemicals, and preferably con- 
tains a mild acid to neutralize the alkalinity of the 
resin, considerable protection can be obtained. Sax? 
states: 


“The most popular method for prevention of skin 
irritation by a chemical is the use of protective 
creams. These do not give the positive and last- 
ing protection afforded by protective clothing, but 
this is counterbalanced by the willingness of 
workers to use them. . . . No single cream provides 
adequate protection against all types of chemicals. 

. Before applying a protective cream the skin 
should be thoroughly cleansed, application made 
before the start of work, washed off before the 
lunch period, and reapplied after lunch, again 
washed off on leaving the job.” 


Obviously, freedom from skin irritation, causable 
by any material in the core mix, is assured when em- 
ployee and employer cooperate to prevent its occur- 
rence. The employee practices personal hygiene in 
regular washups, in using protective creams and in 
frequent change of work clothes. The employer pro- 
vides washrooms with ample supply of warm water, 
antiseptic soap, sanitary drying means and facilities 
for change of clothes at lockers. 

Fortunately skin irritation is the only hazard to be 
guarded against in the use of phenolic binders. Al- 
though the atmosphere at the muller, at the core 
oven or at the pouring station, contains fumes of 
formaldehyde and phenol, they are present in 
amounts far under the maximum allowable concen- 
tration. This is evident from analytical data obtained 
in plants where the resins .themselves are made. An 
investigation made by the Division of Industrial Hy- 
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giene and Safety Standards of the New York State 
Dept. of Labor?4 showed the presence of 1-2 ppm of 
formaldehyde and 0.22 ppm of phenol in the work- 
room where the resin was being made. The maxi- 
mum allowable concentration of either chemical is 
5 ppm, as set by the American Conference of Gov- 
ernmental Industrial Hygienists.?3 


PRESENT STATUS IN STEEL FOUNDRIES 


The steel castings which are currently being made 
with solid phenolic resin cores include both carbon 
steel and alloyed steel castings. Among these are cores 
for: 


Valves Tank turrets 
Car wheels Chain hoists 
Impellors Fittings 
Clutch plates Magnets 
Hardware Drill bits 
Rolls Railroad 


Special cores being made include pouring cups, run- 
ner cores and Washburn riser cores. A few core 
mixes in use in steel foundries employing liquid or 
dry phenolic resin binders are given in Table 6. The 
organic ingredients are given in parts by weight to 
100 parts of sand-plus-mineral additives. The mineral 
additives are given in lb/100 lb of sand. Performance 
characteristics of each mix, as observed by foundry 
personnel, are recorded in order to throw more light 
on the action of phenolic resin in the core, both green 
and baked. 


Mix A was used first only as backup sand behind 
a facing of oil sand, later converted to all resin sand 
because of uneven baking of the oil and resin sands, 
with scabbing attributed to underbaked oil sand. Un- 
til this mix was perfected, troubles were encountered 
as to irritation of coremakers’ hands, stickiness in 
wood core boxes and blows in the castings. Core 
boxes were subsequently lacquer coated. 

The burnt core sand is reclaimable by scrubbing 
at a process cost of $1.75/ton. The high cereal con- 
tent permitted the inclusion of the small amount of 
bentonite without sacrifice of core strength and hard- 
ness, and obviated the need for a release agent other 
than kerosene. 


Mix B was formulated primarily for fast core pro- 
duction and baking, with low fumes and smoke from 
the relatively low amount of combustible material in 
an open western sand. The combination of liquid 
and dry resin was reported to increase green strength. 
A commercial sand oil conditioner is used as release 
agent. 


Mix C is mulled in a fast muller on the cycle of 15 
sec dry, 60 sec wet and 15 sec release. The sand, be- 
ing coarse, is closed up with silica flour and fire clay 
for forming pouring basins and cups. 


Mix D is another open sand with low combustibles, 
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therefore having a relatively high level of release 
agent, for blown cores for magnet steel. 


Mix E is a simplified mix for valve cores, and might 
be suggested as a basic resin mix to which additives 
can be made to attain additional room temperature 
or hot strength properties. 


Mix F contains molding sand to give it extra re- 
sponse to curing in an electronic oven, and to pro- 
vide higher hot strength properties required for 
smooth finish on steel as-cast. 


Mix G is an all reclaim sand mix for core molds, 
requiring a relatively high level of resin. It was found 
that the casting finish depended upon the degree of 
baking to which the cores were carried, that both 
underbaked and overbaked cores gave inferior cast- 
ing finish. Cores baked for one hour at 400F gave 
the best finish. The mix cost is higher than that for 
oil sand which it replaced, but, once adjusted to give 
smooth casting surfaces, was adopted. 


Mix H is a strong sand, both green and baked, and 
when contacted by hot steel. It has been in use for a 
variety of carbon steel castings since 1955. The silica 
flour addition was found to increase baked core 
strength, as well as to serve as usual in improving 
the as-cast finish. Smaller cores are made from the 
same mix to which carbonaceous material is added 
to promote carry of the high frequency current. Some 
dermatitis was experienced at first among the core- 
makers. 


Mix I gradually evolved from several earlier for- 
mulas, eventually resulting in a reduction in hot tear- 
ing of thin-walled carbon steel castings. A reversal 
in the usual order of mulling, namely addition of 
resin to dry sand before adding water gave a sticky 
sand. Sticky sand also resulted from too low a mois- 
ture content (as also results from too high a mois- 
ture content). 


Mix J gives a relatively low gassing core, being 
rich in resin and low in cereal. The release agent is 
cottonseed oil, and the usual shellac coating on wood 
core boxes was replaced by lacquer. 


Mix K is of interest in comprising both phenolic 
resin and fast baking core oil. The oil is reported 
to have improved “lubricity” of the sand, and to re- 
tard drying out of sand and core prior to baking. 
The optimum oven temperature range for phenolic 
resins‘is the same as for core oils, and thus com- 
binations of them in the same core mix are not pre- 
cluded. This is not so with the urea-formaldehyde 
resins, which are best cured at an oven temperature 
well under that used for core oils. 

This mix also illustrates the compatibility existing 
between bentonite and dextrin. Gate cores for tank 
turret castings, are coated with silica wash, strength- 
ened with the same phenolic resin. 


Mix L is a sand mix which evolved after much ex- 
perimentation to find a solution to the dilemma of 


penetration vs. hot tear contest in producing scrap 
steel castings. The castings are of 5% to 114-in. wall 
thickness, weighing 200-500 Ib. The mix given pro- 
duces cores which, when hollowed out and washed 
with zircon resolved the problem. 





(For convenience in listing the composition of a number 
of core sand mixes, a shorthand system is used in the 
authors’ laboratory, and is respectfully offered as a space- 
saving suggestion for use in communicating information 
in re core formulas. The sequence is: Sand/moisture/ 
cereal/resin or oil/kerosene/release/additives indicating 
the type and fineness of sand, whether the resin is liquid 
or dry, with ingredients and additives expressed as parts 
per 100 of sand. 

Thus Mix L in Table VI becomes Gfn 50/6/1.5/1L/0.4/ 
0.05/silica 10. A glance at the coded formula indicates the 
green, baked and hot properties of the core, as well as 
the cost of the mix.) 
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ABSTRACT 


Alloy X392 die castings were developed to provide 
a combination of characteristics which would best 
satisfy the requirements of many parts subjected to 
wear while retaining satisfactory castability and ma- 
chinability. The nominal composition is 19.0 per cent 
Si, 0.6 per cent Cu, 1.0 per cent Mg and 0.4 per 
cent Mn. 

Hypereutectic Al-Si alloys have been used to a 
limited extent for many years, but the better casting 
characteristics — machinability, mechanical properties, 
homogeneity of structure and thermal conductivity — 
have favored the use of hypoeutectic alloys, such as 
A132, 355 and 380. Adoption of phosphorus refinement 
of the primary silicon crystals in the hypereutectic 
alloys, with the accompanying improvement in ma- 
chinability and reduction in segregation, as well as the 
need for more wear resistance, have stimulated re- 
newed interest in these alloys. 

Alloy X392 is currently being used for production of 
commercial die castings and experimental sand and 
permanent mold castings. Parts which appear to be 
potential applications for alloy X392 die castings are 
cylinder liners, cylinder blocks, brake drums, clutch 
plates, sheaves and pulleys. 


INTRODUCTION 


The desirable properties of hypereutectic Al-Si al- 
loys, such as good wear resistance and low coefficient 
of thermal expansion, have been recognized for many 





E. E. STONEBROOK is Rsch. Met., Aluminum Co. of America, 
Cleveland. 


Fig. 1— Microstructure of chill-cast hypereutec- 
tic Al-Si alloy 0.5 per cent HF etch. 100 X. 
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years, and alloys of this type were developed to ex- 
ploit these properties.1-2 These alloys have been 
used to only a limited extent in this country, but 
have achieved some success in Europe, particularly in 
Germany for production of heavy-duty pistons.%.4 


Silicon crystals are the primary phase in these al- 
loys, and these crystals normally are quite large, as 
shown in Fig. 1, unless solidification is rapid. These 
primary silicon crystals tend to segregate in a casting 
because of differences in specific gravity, and also 
contribute to poor machining characteristics. These 
disadvantages as well as inferior castability tended to 
hold back utilization of these alloys. 


Introduction of a small amount of phosphorus into 
a melt will refine the primary silicon, as shown in 
Fig. 2. This refinement reduces segregation and im- 
proves machining characteristics, although carbide 
tools still must be used. 


A patent issued in 1933 covered the use of phos- 
phorus in Al-Si alloys, both hypoeutectic and hyper- 
eutectic, to improve frictional characteristics.5 It was 
only in recent years, however, that the use of phos- 
phorus to refine the primary silicon, combined with 
the use of carbide tools for machining, served as an 
impetus to increased application of the hypereutectic 
Al-Si alloys. More recently, this interest was stim- 
ulated in this country by the need for wear-resistant 
aluminum alloys for light weight engines, brake 
drums and other parts. 














Primary Silicon Refinement 


Several sources of phosphorus have been used for 
refinement of primary silicon including red phos- 
phorus, copper-phosphorus. alloys, phosphorus penta- 
chloride and different proprietary materials.+:6-7 Sat- 
isfactory refinement generally is obtained with ad- 
ditions of about 0.01 to 0.05 per cent phosphorus. 
Retention of refinement is reasonably good, gener- 
ally lasting for a 2 hr or longer holding period in the 
molten condition or through a pigging and remelt- 
ing operation.’ 

Degree of retention appears to be dependent to 
some extent on the quantity of phosphorus introduced 
and the temperature at which the metal is held.? 
Phosphorus analyses have been somewhat variable, 
possibly because of segregation of this element, and 
the preferred range of phosphorus content in the al- 
loy is not well defined. 

The general opinion is that phosphorus combines 
with aluminum to form aluminum phosphide par- 
ticles which are insoluble in aluminum at normal 
melting temperatures. These solid particles act as nu- 
clei initiating the growth of many more silicon crys- 
tals than would be the case in the absence of favor- 
able nuclei. Since sodium and calcium destroy the 
refining action of phosphorus, it is not possible to ob- 
tain simultaneous refinement of the primary silicon 
and modification of the eutectic silicon by means of 
sodium or calcium. As a matter of fact, sodium and 
calcium should be virtually excluded from the metal 
if optimum refinement with phosphorus is to be ob- 
tained.2 However, fine eutectic silicon is provided in 
die castings by the rapid rate of solidification. 


ALLOY DEVELOPMENT 


As the silicon content of hypereutectic Al-Si alloys 
is increased, wear resistance is increased and the co- 
efficient of thermal expansion is decreased, but cast- 
ability, thermal conductivity, machinability and me- 
chanical properties are adversely affected. The 19 
per cent silicon in alloy X392 was selected to pro- 
vide a desirable balance between these various prop- 
erties and characteristics. The wear resistance of the 
19 per cent silicon alloy appears to compare favor- 


Fig. 2— Same alloy as Fig. 1 after treatment 
with phosphorus 0.5 per cent HF etch. 100 X. 


ably with that of cast iron.!-8 Small quantities of 
magnesium, copper and manganese were used in the 
alloy as hardening and strengthening agents. 

Machinability tests indicated that the alloy should 
contain at least 0.5 per cent copper for satisfactory 
hardness and related machinability. Since high cop- 
per content has an adverse effect on the corrosion 
resistance of these alloys, this element was limited 
to a nominal 0.6 per cent in alloy X392. Also, efforts 
to improve feeding by substantial copper additions to 
the X392 composition actually resulted in an in- 
creased amount of shrinkage in castings. 

The one per cent magnesium in alloy X392 was 
adopted to avoid formation of an excessive quantity 
of intermetallic Mg-Si compound, but to provide 
enough for improvement of strength and hardness. 
Manganese changes the form of Al-Fe-Si constituent so 
that it is less harmful to mechanical properties, and 
also contributes to good elevated temperature prop- 
erties. Titanium is added for grain refinement in 
experimental sand and permanent mold casting but 
is not required in die casting. 

Accordingly, the nominal composition selected for 
alloy X392 die castings is 19.0 per cent Si, 0.6 per 
cent Cu, 1.0 per cent Mg and 0.4 per cent Mn, with 
normal levels of impurities. 


MELTING AND CASTING PROCEDURE 


Metal pouring temperatures should be somewhat 
higher than those used for most aluminum casting al- 
loys. Suggested pouring temperatures are normally in 
the range of 1350 to 1450 F for die castings, and from 
1400 to 1500 F for permanent mold and sand castings. 

Phosphorus refinement of the primary silicon is 
recommended for all castings. The beneficial effect 
of such refinement on machinability was revealed by 
a series of radioactive tool wear tests. The results ex- 
pressed as per cent reduction in tool wear rate were: 





Refinement Effect 
on Tool Wear 





Rate, % 

Type of Casting Reduction 
SR et a eee 36 
INE HII 365 (5 awk ba wecte akan <dssestearss 54 
BE 6 ry ee aire lies nda ake eae aie 69 














The need for treatment with phosphorus is clear in 
the case of metal used in sand and permanent mold 
c.stings. Because of the rapid rate of solidification in 
die castings, there is little difference in the size of the 
primary silicon crystals in refined and unrefined 
metal. In spite of the slight structural change, how- 
ever, refinement provided improvement in machin- 
ibility of die castings. 

Although hydrogen porosity is not a problem in al- 
loy X392 die castings, thorough degassing should be 
mployed for melts to be used in sand and perma- 
nent mold castings. As is the case with other alloys, 
tluxing with chlorine gas is most effective, although 
other degassing treatments may be used. 


CASTING CHARACTERISTICS 


Alloy X392 has excellent fluidity or die filling ca- 
pacity and relatively good resistance to die soldering 
and hot cracking.® The feeding ability of the alloy is 
relatively poor in sand and permanent mold cast- 
ings.1-2-9 In the latter two types of castings, the alloy 
is subject to a concentrated or centerline type of 
shrinkage associated with solidification of a large 
quantity of eutectic material. Generous risering, and 
relatively steep temperature gradients between the 
first portions of the castings to solidify and the risers, 
are necessary to ensure sound sand and permanent 
mold castings. 


MECHANICAL AND PHYSICAL PROPERTIES 


Representative mechanical properties of alloy X392 
obtained with die cast tensile specimens are listed in 
Table 1. This table also shows experimental values for 
sand and permanent mold specimens. The tempers 
for which properties are given are those most likely 
to be used in potential applications. The -T5 or -T7 
temper provides substantial removal of growth and 
improved dimensional stability which may be impor- 
tant for applications involving operation at elevated 


TABLE 1— TYPICAL MECHANICAL PROPERTIES 
OF ALLOY X392! 





Tensile Strength, 





Casting Process Temper psi Bhn 
Die, Typical -F2 41,000 110 
-T53 42,000 110 

Sand, Experimental -F2 22,000 75 
-T53 26,000 85 

-T74 32,000 110 

Permanent Mold, -F2 28,000 90 
Experimental -T538 31,000 100 
-T74 39,000 110 


. Elongations in all tempers approximately 0.5% for sand and 
permanent mold castings and 0.2% for die castings. 

. As-cast condition. 

. Artificially aged 8 hr at 400 F. 

. Solution heat treated 8-12 hr at 980 F, quenched in water at 
212 F and artificially aged 8 hr at 400 F. 


So ho 


— 





temperatures. The -T7 aging treatment also reduces 
residual stresses resulting from quenching following 
solution heat treatment. 

The hypereutectic Al-Si alloys have low elongations 
when compared to existing hypoeutectic alloys. This 
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characteristic may result in contraction cracking in 
die casting or high stress concentration failure in serv- 
ice unless generous fillets and minimum variations in 
section thickness are used in casting design. 

Refinement of the primary silicon with phosphorus 
provides some improvement in the tensile strength, 
but has little effect on elongation and hardness val- 
ues. Refinement increased the tensile strength by 3000 
to 5000 psi for sand castings and about 2000 psi 
for permanent mold castings. 

Castings in the -T7 temper heated for 100 hr at 
400 F had a Brinell hardness of 80 to 400 F and 105 
after cooling to room temperature. This degree of re- 
tention of hardness may contribute to relatively good 
wear resistance during continued service at elevated 
temperatures. 

The physical properties of alloy X392 are given in 
Table 2. As has already been mentioned, a high sili- 
con content has a desirable effect both in lowering 
specific gravity and coefficient of thermal expansion. 
The latter characteristic is particularly important for 
parts such as pistons and engine cylinders where a 
small clearance is desirable. 


TABLE 2— PHYSICAL PROPERTIES OF ALLOY X392 





Specific gravity ... 
MIND BRS oo soc nes ces hak ik aie chk ata onameae aaaas 0.095 
Approximate melting range, F ................. 1025-1245 
Avg. coefficient of Thermal 
Expansion, in./in./F Range ........ -58-68 9.7x 10 - 
68-212 10.3x 10 - 
68-392 10.7x 10 - 
68-572 11.2x 10 - 


DAAXAD 


Casting 
Temper Process 


Thermal Conductivity 
at 25 C, CGS Units . 





-F Sand,PM,Die 0.22 
-T5 Sand 0.22 
-T5 PM, Die 0.23 
-T7 Sand 0.25 
-T7 PM 0.28 





Alloy X392 is considered to have good resistance 
to corrosion. 


APPLICATIONS 


Alloy X392 die castings are being used for parts 
requiring resistance to wear and abrasion. The four 
commercial die castings in Fig. 3 are used in a belt 
driven automatic transmission for a motor scooter. 
Wear by the belts is considerably less than with 380 
alloy. Automotive clutch friction rings are also being 
produced. 

Other parts being tested include cylinder liners, cyl- 
inder blocks, pistons, brake drums, sheaves and pul- 
leys.1:8 In general, test results have been favorable 
from the standpoint of wear resistance, and demon- 
strate the advantage of the lighter weight and higher 
thermal conductivity of alloy X392 compared to cast 
iron. 

Figure 4 shows a brake drum now undergoing de- 
velopment and testing. This part may be produced 
as a die or permanent mold casting, the choice de- 
pending upon design and quantities required. Test 
results show satisfactory machinability, brake surface 












Fig. 4— Hypereutectic Al-Si alloy brake drum 
undergoing development and testing. 


condition and braking efficiency. The aluminum 
drums dissipate heat approximately three times 
faster than cast iron drums. As a result, brake lining 
temperatures and fading are reduced substantially. 
The results of fade tests are shown in Fig. 5. In this 
test, the automobile was repeatedly accelerated as 
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Fig. 5 — Fade tests of hypereutectic Al-Si alloy and 
production cast iron brake drums. 


Fig. 3— Four production die castings of alloy 
X392 for a belt-drive transmission. 


rapidly as possible to 50 mph and stopped at a con- 
trolled rate. The degree of fading is inversely pro- 
portional to the cumulative brake line pressure. 
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ABSTRACT 


A great deal of investigation has been reported on 
the influence of the various parameters in stainless 
steel making. The development of any practice for a 
particular shop becomes a compromise of the many in- 
fluencing factors consistent with control, quality, and 
reproducibility. 

This paper is a discussion of the equipment em- 
ployed in arc melting stainless steel at the author’s 
company, the basic considerations upon which the prac- 
tice was developed and the practice itself. 


INTRODUCTION 

The author’s company has two 8 ft shell, top charge 
arc furnaces powered with 2500 kva transformers 
having a 13,700 volt primary. Secondary voltages 
range from 235 on the no. 4 tap to 118 volts on the 
no. 1 tap. Average melts are from 4 to 5 tons. A 
single slag basic practice and decarburize with metal- 
lurgical oxygen is employed. 

The furnaces are lined with a burned magnesite 
brick subhearth which is carried up to the slag line. 
The working hearth is a rammed 66 per cent MgO 
bottom. Above the slag line, the sidewalls consist 
of steel clad unburned periclase-chrome brick (65 per 
cent MgO—9 per cent Cr,O;). At the present time 
experimentation is underway on a revised roof prac- 
tice employing high alumina compositions. 

Most of the common stainless steels are regularly 
made in the arc furnaces, including the 0.03 per cent 
maximum carbon grades. However, in this discussion, 
we shall consider the processing of the Type 304 
(CF-8) stainless grade. 


BASIC CONSIDERATIONS 


Some basic considerations that have guided the 
company in the development of the practice have 
been: 


1) The higher the chromium content in the initial 
charge, the higher the temperature that must be 
attained in order to reduce the carbon to low 
values.1 It has been shown that the activity of 
oxygen and of carbon is inversely proportional to 
the chromium concentration.? 

2) The higher the bath temperature before and after 
the blow, for a given rate of oxygen input, the 
less metallics oxidized to the slag, hence the lower 
the volume of slag generated.1 
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3) The higher the bath temperature at the end of 
the blow, the lower the carbon can be reduced for 
the same chromium content in the bath.’ 

4) The higher the rate of oxygen input a) the shorter 
the oxygen blowing time, b) the less oxygen con- 
sumed, c) the less metallics oxidized to the slag, 
d) the faster the decarburization and e) the higher 
the bath temperature at the end of blow. 

5) A good vigorous carbon boil is beneficial in re- 
ducing hydrogen.5.6 

6) The bath is subject to gas pickup when held under 
a strongly reducing atmosphere,® or when additions 
are made which are not completely dry or free 
of moisture.7 

7) Basicity ratios of 1.4 to 1 minimum, closely ap- 
proach the practical operating optimum for chro- 
mium recovery.9-10,11 

8) Magnesite bottoms are subject to accelerated ero- 
sion when held under highly oxidizing conditions 
at elevated temperatures.12 

9) Large slag volumes are difficult to work effective- 
ly.18 


Bearing these relationships in mind, and based 
upon a series of data developed from experimental 
investigation on a series of production heats, the fol- 
lowing practice has been developed as an effective 
operating approach, compatible with the purely theo- 
retical considerations. 

The amount of chromium in the initial charge is 
aimed at 13 per cent. Heats are melted in with a 
0.50 per cent minimum carbon in order to provide 
for a good vigorous boil. Temperature at the start 
of the blow is controlled to 2900-2950 F (1593-1621 C) 
immersion thermocouple reading. Oxygen blowing 
rate is 250 cu ft/min with a line pressure of 150 psi 
using a 4-in. refractory coated lance. Oxygen input 
is closely metered and controlled. All lime additions 
are made to the bath before the blow and slag basic- 
ities are controlled. 


FURNACE CHARGE COMPOSITIONS 


Standard furnace charge compositions have been 
developed for each of the stainless types produced, 
and a typical example for Type 304 (CF-8) is shown 
in Table 1. 

The required amount carbon, ore and 240 Ib of 
the total lime specified for the heat weight are added 
to the initial charge in the furnace. The balance of 





Fig. 1— Blowing heat with oxygen. 


TABLE 1— TYPE 304 (CF-8) ARC FURNACE CHARGE 
COMPOSITION PER 1000 LB HEAT CONTROL 





ee ee I I, OP hs Sh sno veins ads posidcwaebe cass ccewenee 
Electrolytic nickel, lb 

SD 5 Gn ae viva pla so Vas 2 econ seh omer eg aese 250 
Low carbon ferrochromium, lb 

eS As cna s aweeed weiss eens veheatee 65 
Coke braise, Ib 

Lime, Ib 

Ore, Ib 

Oxygen, cu ft 





the required lime is added during melt-down and 
before the blow. The chromium balance is made by 
additions of FeCrSi (39 per cent Cr-42 per cent Si) 
and low carbon FeCr, figuring 95 per cent recovery 
for the element. All the nickel requirement is added 
to the initial charge. Typical melt-down analyses are 
shown in Table 2. 


TABLE 2— TYPICAL MELT-DOWN BATH SAMPLES 





Heat No. 
E-980 W-3259 E-1076 








0.51 0.50 
Manganese, % : 0.51 0.56 
Silicon, % : 0.19 0.18 
Chromium, % : 13.09 12.39 
Nickel, % . 11.19 11.21 





When the bath temperature reaches 2900-2950 F 
(1593-1621 C) the oxygen lance is inserted (Fig. 1). It 
is held about 3 in. below the slag-metal interface, 
while being constantly moved around the surface 
until the specified amount of oxygen is injected. 
Should the bath activity in the melter’s opinion in- 
dicate that some additional blowing time is neces- 
sary, he is free to add more. Rarely, however, is more 
than 200 to 300 cu ft of additional oxygen added. 
Typical slag analyses after the blow are shown in 
Table 3. 


TABLE 3— TYPICAL SLAG SAMPLES AFTER BLOW 





Heat No. 
E-980 W-3259 E-1076 


9.94 15.10 
2.20 2.50 
$2.99 39.20 
34.94 $1.14 
11.26 7.16 
6.16 4.59 











Immediately after the oxygen blow, the specified 
amounts of the chromium alloys are added to the 
bath. The FeCrSi is added first in order to reduce 
the high FeO level of the bath and slag, and to thus 
insure the ready solubility and recovery of the added 
chromium. 


Fig. 2 — Checking preliminary on direct 
reading spectrometer. 





Fig. 3 — Tapping the heat. 


FERROCHROMIUM ADDITION 


The low carbon FeCr addition follows immediately, 
and due to the elevated temperature of the bath at 
this point (in excess of 3300 F) the alloys readily go 
into solution. These additions also serve to sharply 
reduce the temperature of the bath, hence, minimize 
the exposure of the bottom to strongly oxidizing con- 
ditions under extended elevated temperatures. 

The processing of the heat is not delayed to run a 
carbon preliminary test. After the chromium addi- 
tions are made, the bath is rabbled well and the slag 
is given an opportunity to come to equilibrium. After 
about 10 min it is rabbled well again, and a pre- 
liminary spectrometer sample is taken (Fig. 2). Typ- 
ical preliminary samples are shown in Table 4. 


TABLE 4— TYPICAL SPECTROMETRIC 
PRELIMINARY RESULTS 





Heat No. 
E-980 W-3259 E-1076 


a eer 1.03 1.21 0.83 
Manganese, % AB 0.71 0.44 0.44 
Chromium, % ......18. 18.00 18.80 17.80 
Nickel, % a 8.87 9.77 9.40 











After the preliminary result has been returned, 
minor alloy adjustments are made to the furnace, the 
temperature adjusted and the heat is tapped (Fig. 3) 
into the ladle with an addition of FeSi made to the 
ladle. Typical final bath samples are shown in 
Table 5. Typical final slag samples are shown in 
Table 6. 


A recent gas analysis of some stainless steel heats 
made in accordance with the described practice is 
shown in Table 7. 

Fundamentally, what the author’s company has 
tried to develop has been a reproducible practice 
that insures good bath action, purging of hydrogen, 
minimum slag volume, minimum oxygen consumed, 
minimum bottom delays, with good compositional 
control in minimum furnace time. 
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TABLE 5— TYPICAL FINAL BATH SAMPLES 
Heat No. 
E-980 W-3259 E-1076 


0.046 0.054 0.052 
Silicon, % 3 1.11 1.28 1.36 
Manganese, % 7 0.73 0.80 0.82 
Chromium, % . 18.45 18.56 19.03 
Nickel, % 9.32 9.77 9.12 
Phosphorus, % . 0018 0.018 0.017 
Sulfur, % . 0.016 0.017 0.020 
A.S.T.M. Specification A296 
Yield Strength, psi , 34,000 35,000 
Tensile Strength, psi ! 74,000 79,000 
Elongation, % 30.0 50.0 52.0 

Solution Treatment: 2050 - 2100 F W. Q. 














TABLE 6— TYPICAL FINAL SLAG SAMPLES 
Heat No. 
E-980 W-3259 E-1076 


1.01 1.08 
0.90 1.33 
2.62 3.92 
43.23 43.20 
37.48 40.40 
12.74 9.54 
1.49 1.31 











%, CaO + MgO 


*Basicity Ratio = - 
% SiQe 





TABLE 7— TYPICAL HYDROGEN CONTENTS 





Description of sample Hydrogen Content p.p.m. 





CS GUI GO on cei tanec cccccdeeccads eee 
RE I te in kes ob has eS ote RC eee 0.7 - 2.3 
WE BN ath ek i Cin aN 6 bok are DCTs Sees ROR 2.9 - 3.3 
From ladle - 38 
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WORK MEASUREMENT FOR 


POUR AND SHAKEOUT 


by R. S. Casciari 


ABSTRACT 


This is a discussion of the industrial engineering 
approach to the development of a work measurement 
plan for a highly varied foundry operation; namely, 
pour and shakeout. The term “work measurement” has 
many connotations to different people. Depending upon 
experiences, positions or what has been heard or read, 
it could suggestively signify labor problems and higher 
costs or higher productivity and lower costs. To the in- 
dustrial engineer it is one of management’s most im- 
portant tools, some form of which can be used to 
improve productivity in any kind of manufacturing 
operation. 

Through the use of today’s newer industrial engi- 
neering techniques, work measurement can be de- 
veloped on a more practical basis to cover the opera- 
tions which have long been classified as unmeasur- 
able. The pour and shakeout operation in the jobbing 
foundry is nonrepetitive and highly variable. It also has 
some restrictions which affect the overall time to per- 
form each function in the operation. These factors have 
long been problems to those who have attempted to 
measure this type of work. 

The author’s company’s approach to the solution of 
this problem was a practical one. In this discussion 
the purpose of the study will be discussed by defining 
the problem, describing the operation through the use 
of a layout illustration, the development of methods 
and specifications, the use of the newer techniques of 
industrial engineering such as the group timing tech- 
nique, the development of standard data and the il- 
lustration and application of the work measurement 
plan. The results obtained will be shown in the per- 
formance graph illustration. 


PURPOSE 


The purpose here is to present an industrial engi- 
neering approach used in the development of a 
work measurement plan for a nonrepetitive jobbing 
foundry operation; namely, pour and shakeout. 

For-many years the industrial engineering tech- 
niques have been applied primarily to the direct re- 
petitive type operations. The degree of success which 
has been achieved was determined by the ability of 
the industrial engineer developing the standards and 
the integrity of the company. In most cases, the 
application of sound industrial engineering princi- 
ples to production work has improved productivity 
where they were properly applied. 

The indirect nonrepetitive type operations were 
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often neglected. In some cases incentive plans have 
been applied to indirect operations based on histori- 
cal data and ratios or percentages. Some of these 
did not measure the amount of work and were for 
the most part unsuccessful. 

Recently the industrial engineer has developed 
new and usable statistical and mathematical tools 
which he can use to expand his work measurement 
applications. They can be used to measure the work 
in the indirect nonrepetitive type operations. 

In an incentive company neglect of the indirect 
operations usually causes problems of inequities. 
Differences in wages between the incentive and non- 
incentive worker has caused dissension and differ- 
ences in their performance levels. Reduction of 
direct costs have made the comparison between direct 
and indirect costs more pointed. For these reasons 
most companies have been forced into considering 
a work measurement program for these indirect 
operations. 


PROBLEM 


The pour and shakeout operation presented this 
type of problem in the author’s company. The dif- 
ferences in the performance levels between the pour 
and shakeout workers and the molders created a 
bottleneck in the foundry work flow. The results 
were excessive lost time, higher costs and serious 
scheduling disruptions. 

In evaluating this problem the conclusion was 
reached that what was needed was a technique to 
measure the time required to. perform the pour 
and shakeout operation, and to develop work meas- 
urement standards for wage incentive application. 


The fundamental principles which were estab- 
lished as guides in developing this program were: 


1) Methods were to be simplified and standardized 
so that the work was performed based upon a 
clear understanding of both the human and ma- 
terial factors involved. 

2) Observations were to be made in less time and 
at lower costs than had been the experience using 
the conventional time study technique. 

3) Accurate work measurement standards were to 
be established simple enough for the workers to 
understand them. 

4) The wage incentive application had to provide 
controls necessary to change standards whenever 
changes in the operation occurred. 
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Fig. 1 — General foundry lay- 
out at the author’s company. 


GENERAL LAYOUT 


Before proceeding into the details of the approach 
used, let us review briefly the physical layout of 
the foundry, as shown in Fig. 1, so that the opera- 
tion may be understood more clearly. 

Generally, this operation is performed by a crew 
of six men per shift. However, as the workload varies 
so does the crew size, usually from two to eight men 
per shift. Their functions include, pouring all ma- 
chine molds, shaking out all machine and floor molds 
and maintaining a clean and orderly work area. 


The pouring work cycle usually consists of: 


a) Obtaining proper ladle from ladle bay area (1). 

b) Transporting empty ladle to bulk ladle station 
(2) and obtaining molten metal. 

c) Transporting full ladle to either machine mold- 
ing pouring area (3) where tight flask molds 
are poured, or to pouring area (4) where snap 
molds are poured. Ladles are transported by means 
of monorail carriage. 


The shakeout work cycle usually consists of: 


a) Obtaining tight flask machine molds in pouring 
area (3) and pushing molds manually on roller 
conveyor onto transfer car (6). 


b) Transporting molds to shakeout unit (5) and 
pushing molds onto shakeout unit either manu- 
ally or by overhead crane, depending upon mold 
size and design. 


c) Removing casting from shakeout unit with hand 
tongs, manually operated jib crane or overhead 
crane and asiding to tote box or casting car (8). 


d) Sorting all flask equipment and molding materi- 
als such as clamps, wedges, pins, bars, etc., and 
asiding to storage area (9). 


The shakeout cycle is repeated for snap and floor 
molds with the following exceptions: 


a) Snap molds are obtained from pouring area (4) 
and manually dumped into tote boxes which are 
transported by overhead crane to the shakeout 
unit. 

b) Floor molds are obtained from the floor closing 
and pouring area (7) and transported to the 
shakeout unit by overhead crane. 


The volume of work usually processed in this de- 
partment on a per shift basis, generally ranges from 
four to nine shank heats poured and from 200 to 600 
molds shaken out. The ranges in volume of molds are: 


Machine molds — 1400 to 83,000 cu in. 
Floor molds — 7500 to 580,000 cu in. 


The examination of this type of operation confirms 
the conclusion that the work is subjected to great vari- 
ations. Such factors as distance travelled, mold size 
and design, casting size and design, equipment and 
material usage, product mix, crane interferences and 
balance time necessarily have a sharp impact on the 
operation performance. Therefore, the decision was 
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to cope with this difficult problem by developing 
work measurement standards with the use of statisti- 
cal methods. 


WORK SPECIFICATIONS DEVELOPMENT 


The first step was to simplify and standardize the 
operation as much as possible. It is a practice in the 
company that the industrial engineer and department 
supervisor develop the best method for doing the 
work before development of work measurement stand- 
ards. As these methods are developed, the informa- 
tion is assembled and written in detail describing 
each element of work. These written specifications 
are a complete description or enumeration of the par- 
ticulars concerning the operation methods, materials, 
equipment and related functions. 

They provide a sound basis for simplification and 
standardization and aid considerably in the develop- 
ment, installation and maintenance of work measure- 
ment standards. Upon completion of written specifi- 
cations, the workers are instructed in the application 
of the specifications. After a sufficient period, the op- 
eration is ready for study observations and develop- 
ment of standards. 


Written specifications for the pour and shakeout 
operation include descriptions of such things as: 


1) Pouring operating procedures. 

2) Ladle handling. 

3) Mold handling by size and type. 
4) Casting handling by size and type. 


5) Equipment and material operating specifications 
and actual use. 


6) Work preference by crew size. 
7) Equipment storage procedures. 
8) Crane load specifications. 


9) Shakeout temperature control. 


As an example, the mold handling specification de- 
scribes the transporting and shaking out of snap 
molds as follows: 


1) Hook chains to container for snap molds (one 
man). 


2) While overhead crane moves snap mold contain- 
er to No. 16 or No. 17 machine conveyor two 
shakeout men walk to No. 16 or No. 17 machine 
conveyor. 


3) Unhook chains from snap mold container. 


4) Lifting with proper techniques, throw molds into 
snap mold container. Where ‘the combined 
weight of metal and mold is*greater than 100 lb, 
2 men shall perform this operation lifting the 
same mold simultaneously. Maximum weight for 


two men to lift simultaneously for this operation 
is 175 Ib. 


5) Throw bottom plate on floor northwest of No. 16 
conveyor. 


6) Repeat above operations (4 and 5) until rollout 
board is empty. 


7) Man on west side asides rollout board, while man 
on east side pulls next loaded rollout board into 
position. 

a) No. 16 Conveyor — Place rollout board on re- 
turn conveyor. The first rollout board is 
placed upside down with the remaining boards 
placed right side up on top of the first 
board. 


b) No. 17 Conveyor — Place rollout board on 
No. 16 conveyor for piling on return conveyor 
with same method as above after container is 
loaded. 


8) Repeat operation 4 through 7 until snap mold 
container is filled (approximately 40 molds). 


9) Pile plates on stacks and place the stacks of 
plates on piles of rollout boards on the return 
conveyor. 


10) Hook up chains to snap mold container. 


11) Overhead crane transports full snap mold con- 
tainer to storage conveyor at shakeout. 


12) Swing chains under two rear corners of snap 
mold container so’ crane can dump container 
onto shakeout grid. 


13) Swing chains under two rear corners of snap 
mold container for overhead crane to turn con- 
tainer over and move to storage north of casting 
car. 


14) Unhook chains from snap mold container. 


15) Aside castings into metal tote boxes. Use tongs to 
move castings under 40 lb pour weight, and 
use porter-bar for pour weights greater than 40 
lb. Chill castings are not placed in tote boxes but 
are piled on the floor east of shakeout grid near 
the wall. 


Follow this same procedure for tight flask molds on 
No. 16 and No. 17 conveyors, the flasks being placed 
in the snap mold container also. In operation 4 the 
cope section may be lifted separately from the drag 
because of the listed weight considerations. 


STUDY TECHNIQUES 


Our second step was to select a study technique 
which was both economical and accurate. Conven- 
tional timestudy was ruled out as a primary tech- 
nique, because of the costly and lengthy process re- 
quired to cover all of the variables in this operation. 
It was decided to use work sampling, a newer statisti- 
cal work measurement technique. Work sampling 








made it possible to study the operation in much less 
time and with fewer engineers and to determine ex- 
actly how many observations to make in order to 
expect the required accuracy. It provided the oppor- 
tunity to get more details and facts of the overall 
operation cycle. 

Two methods of work sampling were used. One 
based on random observations, and the other on a 
series of fixed interval observations. The latter which 
is called the group timing technique has some of 
the advantages of both timestudy and work sam- 
pling. It may be said that the group timing technique 
is part work sampling and part timestudy. 

The random observation method was used prima- 
rily to determine percentage allowances. The group 
timing technique was used to observe the entire oper- 
ation in order to obtain both elemental time values 
and allowances. 

Three men were assigned to the study. One was 
responsible for the identification of each mold and 
for the recording of data pertaining to each mold. 
The molds were identified with large white chalk 
numbers. Corresponding to each number the follow- 
ing data were recorded: heat number; number and 
size of ladles; number of molds poured per heat; work 
station location; type and size of mold; pattern 
number; casting weight; mold volume. This informa- 
tion was used in the analysis of the study and devel- 
opment of the standards. 

The mold identification number was recorded on 
the study sheet by the two observers and later used 
to identify corresponding data. Figure 2 is an ex- 
ample of this type study. Note that the observer 
made an observation every minute and recorded the 
number of men in the crew. He also utilized the 
rating procedure. Each study sheet covered one hr 
which was further broken down into 10 min time 
intervals. This illustration shows the shakeout ele- 
mental breakdown. 

A similar type sheet was used to study the pour- 
ing elements. Two observers were necessary, because 
one observer could not see all the workers without 
spending a considerable amount of time walking from 
one work area to another. 

In addition, timestudy was used to observe those 
miscellaneous elements of work which occurred in- 
frequently. Direct standards were developed to cover 
this type of work. 


DEVELOPMENT OF STANDARDS 


After the indicated number of work sampling ob- 
servations were analyzed, step three was proceeded 
with, and work measurement standards were develop- 
ed through a system of averages broken down into 
the following units of measure: 


Pouring 


1) Number of heats poured. 
2) Number and size of ladles used. 
3) Number of test bars poured. 
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4) Number of double poured molds (molds which 
are poured using two ladles simultaneously). 

5) Number of additional pours per mold (molds 
which contain two or more individual castings 
each poured separately). 

6) Number of molds poured per heat. 


Shakeout 


1) Classification of molds shaken out (machine or 
floor — tight or snap flask). 
2) Number and size of molds by volume. 


Miscellaneous 


1) Number of destroyed molds shaken out. 
2) Number of gagger loads sorted. 

3) Work area clean-up. 

4) Number of molds transported to floor. 


The standards for each shakeout unit of measure 
varied, dependent upon the number of men in the 
crew. 

Allowances for personal, fatigue and delay were 
developed to cover the workers personal needs and 
delays. Delays such as crane interference, minor break- 
downs, etc., up to 18 min per occurrence were in- 
cluded in the standard allowance. 


APPLICATION OF STANDARDS 


The fourth and final step in the approach was 
to develop an application procedure which would 
keep administrative cost down, and also maintain 
the control necessary for equitable incentive stand- 
ards. 

Two forms were designed for this purpose. The first 
is used to record the necessary heat information. A 
schedule clerk is assigned the responsibility of record- 
ing these data. Such things as starting and ending 
time of heat, number of molds poured, size of ladle 
used, etc., are part of the data recorded. Most of this 
information is used for scheduling purposes; there- 
fore, data were obtained for standards application 
with little increase in administrative cost. 

The second form was used by the timekeeping de- 
partment. The shop timekeeper records information 
twice per shift. At the beginning of the shift he records 
the inventory of poured molds ready for shakeout. At 
the end of the shift he records the inventory of 
poured molds remaining for shakeout. Miscellaneous 
items of work are reported by the foreman to the 
timekeeper at the end of the shift. 

This information, when accumulated with the in- 
formation submitted by the schedule clerk, is all that 
is needed by the office standards clerk to calculate the 
performance index. An example of this form is shown 
in Fig. 3. The number of floor molds shaken out is 
reported on the back side of this form. 

Standards are applied daily by shift on a group 
basis. 

The calculations are simple and require little time, 
consequently performance index reports are in the 
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hands of the workers the day after the work is per- 
formed. 


CONCLUSION 


The results obtained from this work measurement 
program have been favorable. The bottleneck which 
was a major problem in the foundry operation has 
been eliminated, consequently eliminating the many 
lost time hours. The performance level of the pour 
and shakeout workers has increased approximately 
20 per cent. 

The workers’ earnings have also increased approx- 
imately 20 per cent. Administrative cost has been 
kept to a minimum. Approximately 25 per cent of one 
man’s time per day is required to administer the plan. 

Standards have been properly maintained with 
little difficulty whenever changes occurred which af- 
fect the standards. 


Through the use of statistical control charts it is 
possible to reveal significant changes affecting stand- 
ard time values. The data as developed have made 
it possible to maintain the control necessary for fair 
and equitable standards. 

In review of the actual frequency distribution of the 
1959 performance index, as shown in Fig. 4, the pat- 
tern of results obtained are closely similar to the 
expected pattern as detailed in the labor agreement. 

As the difficult problem of measuring indirect non- 
repetitive operations must be faced more and more, 
it. is felt that today’s new statistical tools can aid to 
open areas for cost reduction efforts that have long 
been considered too difficult to approach. 
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NICKEL CARBONYL 
PATTERN EQUIPMENT 


by J. O. Trimble 


ABSTRACT 

The nickel carbonyl process for producing pattern 
equipment is described, from the making of the master 
mold to the completed nickel pattern. Precautions in 
working with nickel carbonyl are given. The nickel 
carbonyl process produces high surface finishes and 
tolerances, and, according to the author, its capabili- 
ties are unlimited within the foundry equipment field. 


HISTORY 


In 1880, a Welshman named Dr. Mound came up- 
on an interesting phenomenon. He found that if car- 
bon monoxide was passed over heated nickel powders 
or chips, the carbon monoxide (CO) would burn with 
a brilliant white light. In analyzing the CO, he found 
that a new compound had been formed which he 
called nickel carbonyl [Ni(CO),]. It was also found 
that if this compound in its gaseous state was cooled 
rapidly, the compound entered its liquid state, re- 
sembling ether in appearance and volatility. But, if 
the compound in its gaseous state was heated above 
300 F, the compound nickel carbonyl thermally de- 
composed forming a nickel powder. 

After 20 odd years of research, this process was Die, -4—~hnnieiiben oleae ebttuen ts ted nak 
finally put into use as a production method producing 
pure nickel from nickel ore. This plant is in Wales, 
and is still operating on a commercial basis. 

In the past 50 years, there have been repeated at- 
tempts to utilize the above basic process to produce 
some end product in nickel via the thermal decom- 
position of nickel carbonyl. The first commercial end 
products were produced in 1956. These products 
were sheet metal forming dies and patterns for the 
high production foundry. 


NICKEL CARBONYL PATTERN MAKING 
PROCESS 

First step in this process is the creation of the mas- 
ter male model. This is accomplished by standard pat- 
tern making practice from any convenient material 
such as, wood, plastic or metal. Figure | is a typical 
plastic model of a four cylinder head pattern. After 
the pattern has been checked for accuracy, a coating 
of release agent is sprayed onto it. A mold is then 
made from this master by spraying a eutectic metal- 
lic compound, making a female image of the male 
master model. 

Figure 2 shows the male master model and the 
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sprayed eutectic mold which is being checked for di- 
mensions and finish. The female eutectic mold is then 
placed in the deposition chamber (Fig. 3) along with 
many other molds, completely filling the chamber 
area. The chamber is then closed (Fig. 4) and the 
process is ready to begin. The chamber is purged of 
all air with carbon dioxide (CO,) and the molds are 
heated to 325 F. At this point, nickel carbonyl in its 
vapor state is introduced into the chamber from the 
gas generating room (Fig. 5). 

When the gaseous nickel carbonyl comes in con- 
tact with the mold surfaces which are now 325 F, the 


Fig. 4— The deposition chamber 
in operation. 


Fig. 3 — Loading the deposition chamber with 
eutectic molds. 


nickel carbonyl thermally decomposes. In doing so, 
it leaves pure nickel on the surface of the mold re- 
leasing carbon monoxide. This carbon monoxide and 
unused nickel carbonyl is then burned in a fume 
burner at 2000 F, converting them into carbon di- 
oxide and nickel oxide. 


Nickel Carbonyl Toxicity 

It should be noted that nickel carbonyl is one of 
the most toxic known compounds. The allowable lim- 
it of nickel carbonyl in its vapor state in the atmos- 
phere is one part per billion. Maximum security and 








Fig. 5 — Introducing vapor nickel 
into chamber from gas generating 
room. 


procedures must be used in handling nickel carbony] 
at all times. The resulting nickel, as produced from 
the thermal decomposition of nickel carbonyl, is com- 
pletely safe, and should be handled like cast or 
wrought nickel or stainless steel. 

This decomposition continues to build up nickel 
in a molecular state on the surface of the mold until 
the desired thickness is reached. This can be from a 
few thousandths up to %-in. thick of nickel. This is a 
continuous process and can not be stopped and re- 
started. When the desired thickness of nickel has 


rt 


Fig. 6— Plated eutectic mold being removed from 
chamber. 


been deposited on the mold face, the process is 
stopped, the chamber purged with carbon dioxide 
and then opened and the eutectic molds with a 
heavy nickel deposit on them are removed, as shown 
in Fig. 6. 

At this point the nickel shell is stripped from the 
eutectic mold and backed with epoxy resin. A metal 
based plate is cast into the epoxy to facilitate mount- 
ing. The nickel face is then vapor blasted to remove 
all release agents, and the result is an exact repro- 
duction (Fig. 7) of the original model (Fig. 1). The 


Fig. 7 — Finished nickel duplicate pattern. 
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result is that we have produced from the original 
model an exact reproduction of that model in nickel 
without any machining whatsoever. This particular 
pattern is 20 in. long, and the tolerance between the 
master model and the nickel pattern is 0.005 in. on 
any dimension. 


Nickel carbonyl patterns made via this process pro- 
duce nickel with the following physical character- 
istics: 


Tensile Strength, psi ............. 85 to 95,000 
Yield Strength (0.2% Offset), psi .. 46 to 56,000 
CN A ee ee eee 15 to 22 





Fig. 9 — Nickel permanent molds for aluminum foundry. 





Fig. 10 — Nickel insert for die cast mold. 


Fig. 8— Typical cross-section of equipment 
made via the nickel carbonyl process. 


CE ree 181 to 222 


The resulting nickel is a tough, highly abrasion re- 
sistant metal having a resistance to sand five times 
greater than cast iron. Nickel carbonyl is slippery by 
nature, and has excellent release properties from sand 
binders. 

Figure 8 is a typical cross-section of .the type of 
equipment made with the nickel carbonyl process 
The nickel carbonyl process has produced green 
sand patterns, green sand core boxes, shell mold pat- 
terns, shell core boxes, permanent molds for alumi- 
num foundries (Fig. 9) and die cast inserts (Fig. 10). 

Using the nickel carbonyl process, the all impor- 
tant time interval between design and production 
can be cut radically as the process generally makes 
pattern equipment within 50 per cent of the normal 
time to make machined-all-over metal patterns. The 
cost of nickel carbonyl patterns is usually somewhat 
less than the cost of conventional machined patterns. 
And, as the pieces become more complex, the nickel 
carbonyl process has a much greater economic advan- 
tage. Due to the extremely high abrasion resistance 
of nickel carbonyl, pattern life is lengthened and 
maintenance reduced. 

The nickel carbonyl pattern can be arc welded, gas 
welded, brazed, silver soldered or lead tin soldered. 


CONCLUSION 


As previously mentioned, this process produces a 
duplicate of the original model in nickel, and no 
additional shrink is required on the master model 
other than that which is necessary for the production 
of the casting itself. Therefore, using the nickel car- 
bonyl process, it is possible to reproduce from an 
existing pattern any number of duplicate patterns. 
The nickel carbonyl process produces extremely high 
surface finishes and tolerances well within the in- 
dustry’s needs. The capabilities of the process are un- 
limited within the foundry equipment field, and ev- 
ery day brings new uses for the process within the 
foundry. 








ABSTRACT 

An investigation of the hardenability effects of alloy- 
ing pearlitic malleable iron with manganese and mo- 
lybdenum was undertaken. Hardenability test bars 114- 
in. in diameter by 6 in. long were used. Hardenability 
curves obtained from alloying pearlitic malleable iron 
with Mn and Mo are given, as are calculated harden- 
ability curves for wrought steel. From the study it is 
concluded that the potential for successfully hardening 
and tempering heavy sections exists, and water or oil 
quench hardening can be used to develop optimum 
mechanical properties after tempering. 


INTRODUCTION 


Pearlitic malleable iron is frequently heat treated 
by hardening and tempering. When this is done, hard- 
enability of the iron becomes important since it pre- 
scribes the section thicknesses which can be sucess- 
fully hardened and tempered. For this reason an in- 
vestigation of the hardenability effects of alloying 
pearlitic malleable iron with manganese and mo- 
lybdenum was carried out as AFS committee work.* 


PROCEDURE 


Hardenability test castings in the form of bars 
114-in. diameter by 6 in. long were supplied by three 
different pearlitic malleable producers. The chemical 
analyses are listed in the table. The analyses were 
intended to provide three groups of castings contain- 
ing 0.20 - 0.25 per cent molybdenum and three levels 
of manganese percentage; the normal range of about 
0.35 to 0.55 per cent, a slightly higher level of 0.65 - 
0.90 per cent and a maximum level of about 1.0 to 
1.25 per cent. The table shows these objectives were 
met. 


CHEMICAL COMPOSITION 


Code No. 
L-4 N-la N-lb N-2a N-2b N-3a N-3b 


Cc 2.66 2.67 2.67 2.35 2.35 2.35 2.35 2.50 2.49 2.50 2.49 2.50 2.49 
Si 1.44 1.48 1.45 1.06 1.06 1.06 1.06 1.29 1.25 1.29 1.25 1.29 1.25 
P _ — 0.053 0.053 0.053 0.053 0.05 0.05 0.05 0.05 0.05 0.05 
S 0.142 0.142 0.142 0.132 0.132 0.132 0.132 0.14 0.146 0.14 0.146 0.14 0.146 
Cr 0.018 9.018 0.018 0.01 0.01 0.01 0.01 0.035 0.035 0.035 0.035 0.035 0.035 
Mo 0.25 0.22 0.22 0.0 0.21 0.22 0.20 0.22 0.20 0.24 0.21 0.28 0.18 
Mn 1.33 0.88 0.50 0.40 0.40 0.86 1.25 0.49 0.36 0.85 0.66 1.27 1.08 
Figure* 4 3 2 1 2 3 + 2 2 3 3 4 4 
*Hardenability curves for these alloys austenitized 30 min at 1500 and/or 
1600 F fall between the limits shown on the respective figure numbers indicated. 





Ele- 
ment C-l1 C-2 C-3 L-1 L-2 L-3 
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MN-MO ALLOYED 
PEARLITIC MALLEABLE 
IRON HARDENABILITY 


by R. W. Heine 


These analyses were selected since the alloying 
elements used to increase hardenability (Mo and Mn) 
can be absorbed into the remelt with little or no 
subsequent harm to heat treating cycles for pearlitic 
malleables. The test castings were supplied with a 
pearlitic malleable structure normally provided by 
the producer. 

After machining to size, the castings were austeni- 
tized for 30 min at 1500 or 1600 F, and then quenched 
by the standard end-quench procedure. Hardness 
measurements at various distances from the quenched 
end were made according to the standard procedure. 
Graphs of Rc hardness versus distance from the 
quenched end were prepared for a number of indi- 
vidual bars from each lot of castings. The results are 
summarized in Figs. 2, 3 and 4. The range of harden- 
ability curves expected from unalloyed pearlitic mal- 
leable iron is shown in Fig. 1, which is reproduced 
from a reference.t 





Fig. 1 — Harden- 
ability band for 
unalloyed pearlitic 
malleable iron aus- 
tenitized at 1500 
to 1600 F.1 - 
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OISTANCE 


This may be compared with hardenability curves 
for the alloyed irons of the table, Figs. 2-4. An 
increase in hardenability is noted with each increase 
in the percentage of alloying element. The lowest level 


*Formerly AFS Committee 6-E, Pearlitic Malleable Commit- 
tee, whose members are listed below and now under Committee 
6-D, Heat treating Committee, Malieable Div. A. H. Karpicke, 
vice-chairman, W. M. Albrecht, J. E. Kruse, J. H. Lansing, 
M. Tilley, W. C. Truckenmiller, P. F. Ulmer and E. N. Wheeler 
(deceased). 

TR. W. Heine, “Hardenability of Pearlitic Malleable Iron,” 
AFS TRANSACTIONS, vol. 20 (1958). 
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Fig. 2— Hardenability band for pearlitic malleable 
iron alloyed with 0.20-0.22 per cent Mo and austeni- 
tized at 1500 to 1600 F. 


of alloying, 0.20 to 0.22 per cent Mo and 0.36 to 0.50 
per cent Mn, produced hardenability curves in the 
band shown on Fig. 2. The intermediate level of 
alloying, 0.21 to 0.24 Mo and 0.66 to 0.86 per cent 
Mn, produced hardenability in the range shown on 
Fig. 3. 

The highest alloying percentages 0.18 to 0.25 per 
cent Mo and 1.08 to 1.33 per cent Mn, develop 
hardenability curves within the band limits shown 
on Fig. 4. Within the hardenability bands on Figs. 2, 
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Fig. 3— Hardenability band for pearlitic malleable 
iron alloyed with 0.21-0.24 per cent Mo and 0.66-0.88 
per cent Mn and austenitized at 1500 to 1600 F. 


3 and 4, the more highly alloyed compositions in 
the table and the higher austenitizing temperature 
of 1600F produced higher hardenability curves. 


Wrought Steel Hardenability Curves 

Hardenability curves for wrought steels may be 
calculated from the chemical analyses with reasonable 
accuracy within limitations.* Caiculated hardenabil- 
ity curves are shown in Figs. 2, 3 and 4 for the C 
group of compositions in the table. The calculation 
requires a knowledge of the percentage of carbon 
dissolved in austenite at the heat treating tempera- 
ture. This was assumed to be 0.60 per cent for thése 
calculations. The calculated curves are seen to predict 
lower hardenability than that actually obtained, ex- 
cept at the highest level of alloying Figs. 2-4. 

This may be due to error in the assumed per- 
centage of carbon dissolved in the austenite. Never- 
theless, it is seen that reasonable agreement of 
calculated and experimentally measured hardenabil- 
ity exists especially with the dissolved carbon per- 
centage assumption. Thus, it appears that these 
alloying elements improve hardenability in pearlitic 
malleable to a degree quite comparable with their 
effect on wrought steels. 


SUMMARY 

Pearlitic malleable iron alloyed with 0.18 to 0.25 
per cent molybdenum and 0.36 to 1.33 per cent 
manganese provides a wide range of hardenability. 
The potential for successfully hardening and temper- 
ing heavy casting sections therefore exists. Water or 
oil quench hardening can thus be used to advantage 
by producers and users of the castings to develop 
optimum mechanical properties after tempering. 


tW. Crafts and J. L. Lamont, Hardenability and Steel Selec- 
tion, Pitman Publishing Co., New York. 
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Fig. 4— Hardenability band for pearlitic malleable 
iron alloyed with 0.18-0.28 per cent Mo and 1.08-1.33 
per cent Mn and austenitized at 1500 to 1600 F. 








MANAGEMENT BY OBJECTIVE 


ABSTRACT 


Representative operating objectives, together with 
the control and evaluation procedures used to imple- 
ment progress in the specific areas, are reviewed by 
the author. Controls, such as variance reports, budgets 
and the man-hr/ton index, are yardsticks used to 
measure this progress. The four areas of objectives 
covered are — organizational, safety, quality improve- 
ment and cost reduction. The overall program of the 
author’s company in these areas is given. 


INTRODUCTION 


It is generally accepted that the effective manage- 
ment of any enterprise requires planning with well 
thought out objectives. Without goals there is likely to 
be haphazard activities with resultant poor utilization 
of facilities and personnel. The steel foundry indus- 
try is accustomed to objectives, especially in the areas 
of technology where progress is measured in terms of 
the quality of steel castings produced. The production 
schedule is another objective well known in the steel 
foundry industry. In short, the establishment of goals 
is essential, and certainly not a new concept to the 
steel foundry man. 

It is not sufficient to merely define objectives and 
strive toward the goals. Channels for information must 
be developed so that progress can be evaluated ac- 
cording to a yardstick of measurement. Intelligent eval- 
uation of progress toward objectives is essential 
though often difficult, especially when intangible ob- 
jectives are involved. 

The management of the author’s company’s found- 
ry division has found that plans can best be commu- 
nicated to all levels of operating management in terms 
of specific objectives. Controls, such as variance re- 
ports, budgets and the man-hr/ton index, are exam- 
ples of yardsticks being used to measure progress. 
This paper will review some representative operating 
objectives, together with the control and evaluation 
procedures being used to implement progress in the 
specific areas. 


ORGANIZATIONAL OBJECTIVE 


The purpose of defining an organization is to pro- 
vide correct lines of authority as well as logical com- 
munications. This is an intangible objective with the 
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by Richard W. Wilson 


degree of success or failure measured by progress on 
such major tangible objectives as cost reduction and 
even product quality. 


Front Line Responsibility 

Perhaps the easiest and certainly the most conven- 
tional way of describing an organization is to draw a 
line and staff chart. Unfortunately an organizational 
chart seems to de-emphasize the status of the member 
of management who carries the front line responsibil- 
ity for each of the operating objectives—the foreman. 
This point is fundamental; the full responsibility for 
the operation of a department, together with the pro- 
duction of a quality product, is on the shoulders of 
line management. Staff services such as industrial en- 
gineering, inspection and production control are cer- 
tainly no less important and are essential to continued 
successful operation, but never take the onus of re- 
sponsibility from line management. 


Channels of Communications 


In order to develop lines of communication, a dis- 
tinction was made between authoritative and informa- 
tive communications. Authoritative directives pass 
along the lines of authority. At the production level, 
all orders related to the direction of activities, disci- 
pline and policy must pass from superintendent to fore- 
man and foreman to worker. By the same token, labor 
grievances and other matters requiring a decision must 
pass up the line of authority. When requests for de- 
cisions are handled in this manner, the decisions are 
made at the lowest level at which the required infor- 
mation is available. 

The treatment of all communications as authorita- 
tive would not be sensible in that it would impose un- 
necessary restrictions and discourage the offering of 
constructive suggestions. Staff personnel have the right 
to communicate with all levels of organization, both 
with regard to offering recommendations and collect- 
ing information. When an employee, regardless of sta- 
tus, has a suggestion that he considers to be construc- 
tive, he is encouraged to give this idea to anyone he 
chooses. There is no logical reason for restricting 
“idea” information to lines of authority, but action on 
an idea must be considered authoritative. 

Information that is developed by staff personnel re- 
quiring authoritative action by line management is dis- 
cussed in meetings attended by those concerned. In 
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some cases a committee is appointed to investigate cer- 
tain recommendations, but the decision to act on a 
proposal is not a committee function. Decisions on 
controversial proposals are made by the member of 
management to whom both parties are responsible. 


SAFETY OBJECTIVE 

The object here is to provide a safe place to work. 
On the surface it would seem that progress in this 
area can easily be measured in terms of statistics, such 
as accident frequency. In a sense this is true, but it 
must also be realized that a month, a quarter or even 
a year without an accident is no guarantee that unsafe 
conditions do not exist. The number of safety sugges- 
tions that spur direct action is considered a good meas- 
ure of progress toward a truly safe shop. 


Safety Committee 

The Safety Committee is made up of representatives 
from each operating department. Initial training ses- 
sions were held during which the importance of rec- 
ognizing unsafe conditions and practices was stressed. 
The committee members were given authority to cor- 
rect workers when an unsafe act is observed taking 
place. Notice that this authority had been vested in 
the committee was posted on all bulletin boards. 

Regular meetings are held and attended by the en- 
tire committee, together with members of management. 
The Safety Director keeps minutes of proceedings, and 
each suggestion with recommended corrective action 
is written up in detail. Each suggested action is dis- 
cussed at succeeding meetings until closed out to the 
satisfaction of the committee. The person who offers a 
suggestion concerning an unsafe condition is notified 
of the action taken to correct it. 

When an accident occurs it is investigated by the 
Safety Director together with two members of the com- 
mittee. The details of the accident and corrective ac- 
tion, if required, are written up in detail and posted. 

The Safety Committee is in effect a channel of com- 
munications which can only be kept open and effec- 
tive by constant use. It is considered extremely impor- 
tant that every safety suggestion offered is investigated 
and answered. As soon as management ceases to take 
corrective action on legitimate safety suggestions the 
entire program collapses. 


Safety Contests 

The greatest obstacle to a successful safety program 
is employee apathy, the feeling that accidents happen 
to the other fellow. Even though the true reward for 
safe work habits is the saving of an eye and avoid- 
ance of painful injuries, it has been found that a $5.00 
prize is inducement to follow safety rules in a contest. 
Contests have been used to give publicity to safe prac- 
tice rules, but they are only effective on a short term 
basis. An additional benefit from a contest is that it 
provides an indication of the interest that employees 
have in the general subject of safety. 

The only contest of long standing that is currently 
being used concerns housekeeping. The maintenance 
of an orderly shop is considered an important factor 
in developing safe work practices. Each week an hourly 
paid employee is chosen from each department to 
serve as the inspector of some other department. The 





foreman of the area being inspected accompanies the 
man and a point system is used for rating. The re- 
sults of each inspection, together with the name of the 
inspector, are posted. At the termination of each con- 
test period the department with the highest house- 
keeping rating is recognized and each of the employees 
is presented an award. 


QUALITY IMPROVEMENT OBJECTIVE 


The activities aimed at improving quality of product 
are actually divided into two separate and distinct 
categories. Action that is taken to improve the over- 
all quality of product, such as major change in sand 
formulation, melting practice and the installation or 
modification of equipment, requires the decision of 
the Division Manager. This is considered long range 
quality improvement. The every day objective to im- 
prove quality of specific castings and eliminate specific 
chronic defects is a prime concern of both line fore- 
man and staff personnel. This is the area of quality 
control that most requires records and followup. 

Progress in terms of product quality is indicated in 
many ways. Scrap reports are definite indications, and 
cost of salvage is directly related to both the quality 
standard and status of product quality. Since the au- 
thor’s company is a captive foundry, machine shop 
variance reports are used as a barometer of casting 
quality. 


Mold and Core Inspection 

Casting defects that appear intermittently are with- 
out a doubt the most difficult to correct. The source 
of most intermittent defects is in the mold or cores, 
a conclusion which prompted the company to appoint 
a skilled molder to the position of Quality Foreman. 
His function is to inspect molds and cores, together 
with the followup function in the machine shop and 
assembly departments. 

The quality foreman is a staff man, and in this ca- 
pacity he crosses all department lines, but he does not 
have authority to make decisions that affect produc- 
tion. For instance, if the quality foreman locates a 
batch of cores that he believes to be questionable, he 
brings this fact to the attention of the general foreman, 
as well as the core room foreman. If the general fore- 
man decides that the cores should not be used, they 
are scrapped and the ticket shown in Fig. 1 is pre- 
pared. If, however, the decision is made to use the 
cores, the ticket is prepared and a followup mark is 
made either on the cores or in the molds in which 
they are used. 

The castings carrying this identifying mark can be 
followed in the cleaning room and machine shop. This 
same procedure is followed when the quality foreman 
marks a mold that he believes to be a borderline case. 
Naturally the foreman of the department concerned, 
the foundry superintendent and the laboratory are all 
informed of the results of the followup, since it is the 
quality of these borderline cases that actually deter- 
mines the standard of quality and hence has a great 
bearing on overall cost. 


Scrap and Salvage Procedure 


A scrap ticket, as shown in Fig. 2, is prepared for 
each casting that is scrapped regardless of cause. A 











Fig. 1— Defective mold and core report snap out form. 


record according to cause computed on the basis of per 
cent of castings produced is maintained daily, and 
posted weekly on a bar chart that is located prom- 
inently in the foundry. In order to spot repetitive 
cases, a card file is maintained according to both 
cause of defect and pattern number. When a defect is 
found to be repetitive for a specific casting, the pat- 
tern is “tagged” so that it can be followed the next 
time that it is run. 

If a casting is found to be defective after it enters 
work-in-process of the manufacturing division, a sal- 
vage ticket is prepared which also serves as a move 
tag transferring the casting to the Salvage Depart- 
ment. The foreman of the Salvage Department either 
has the necessary salvage work performed or makes out 
a scrap ticket. The most important part of the scrap 
and salvage procedure is communications. Copies of 
each scrap and salvage ticket are sent to each depart- 
ment concerned so that corrective action can be taken. 


COST REDUCTION OBJECTIVE 

The general area of cost reduction has many cor- 
ollary objectives. Each time that a material is used or 
a task is performed, the overall product cost is af- 
fected. It is this fact that leads to the need for stand- 
ards and what is sometimes referred to as “manage- 
ment by exception.” A budget is used as a standard 
for indirect labor and materials, and work standards 
are being developed on all direct labor operations. 
The variances from both the budget and work stand- 
ards are a direct measurement of efforts to reduce 
costs. 


Indirect Labor and Materials Control 


A variable budget set up for seven levels of produc- 
tion is used to controi indirect labor and supplies in 
each department. Since costs can only be controlled by 


Fig. 2—-Scrap and spoilage report snap out form. 
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those people who are responsible for incurring them, 
the costs are collected according to “responsibility cen- 
ters.” Prior to each fiscal year the individual foreman 
is consulted when the budget is prepared for his par- 
ticular area of responsibility. 

Services, such as maintenance of equipment, main- 
tenance of patterns and core boxes and pattern rig- 
ging, are all charged to the specific department that 
benefits from the service. A general foundry account 
is also used to collect costs that are common to more 
than one department, and the foundry superintendent 
held responsible for its control. 

The melting, molding and core departments are 
budgeted on the basis of pounds of good castings 
poured in a given five week period. The cleaning 
room uses the same weight levels, but the budget is 
based on pounds of castings shipped during the same 
five week period. 

A complete breakdown of costs incurred against 
each account is analyzed when an unexplained vari- 
ance is reported. When process changes result in sav- 
ings that are reflected in a negative variance, this is 
a measure of cost reduction. efforts. 


Work Measurement Standards 

A program of establishing work standards by the 
standard data method has been in process for several 
months. Each operation is studied by the industrial 
engineer and reviewed with the foreman in an effort 
to simplify before the standard is set. Several benefits 
of having engineered standards have been experienced, 
and many more can be foreseen especially in the area 
of production planning, but the prime overall objec- 
tive is cost reduction. 

The two factors that are considered most important 
when evaluating the variance report of a unit that is 
on standards are variance from standard and time lost 
due to avoidable delays. Since this is a day-work shop, 
the burden of meeting and exceeding standard is en- 





Men Hrston of Finished Castings 


Accounting Perieds 





tirely on the snoulders of supervision. The responsi- 
bility for minimizing time lost due to avoidable de- 
lays is, of course, also the foreman’s responsibility. It 
might seem that the installation of standards increased 
the burden on front line foremen, but, of course, this 
is not true. The responsibility of getting maximum 
production with a minimum of downtime was always 
present, and the use of standards merely provides a 
measurement of effectiveness. 

When work standards are used in a day-work shop 
the question arises as to when a worker is to be rep- 
rimanded for sub-standard performance. Actually, the 
company does not consider any definite efficiency val- 
ue as the boundary line below which sub-standard per- 
formance exists. The standard of 100 per cent is set at 
what is considered normal, and it is expected that 
production will often go over 100 per cent and some- 
times fall below. A plot of efficiency with time should 
ideally show a scatter pattern with 100 per cent some- 
where near the center. If, however, a given operator 
establishes his normal at some value below 100 per 
cent, then there is cause for corrective action. 


Man Hours Per Ton 


The bar graph, shown in Fig. 3, is probably the 
most popular yardstick of efficiency in the steel found- 
ry industry. The man hours used in computing this 
measurement is the total of all labor charged to the 
foundry departments, including corrective labor in the 
manufacturing division, salvage labor and mainte- 
nance. It is the grand total of all labor hours divided 
by tonnage of good castings produced. 

Actually the man-hr/ton graph is a barometer, 
and is sensitive to almost any change in condition. 
Product mix, length of production runs, casting qual- 
ity and efficiency in all departments, are all factors 
that affect the man-hr/ton figure. It might be said 
that this is a yardstick that gives an overall measure of 





Fig. 3— Man hours per ton index. 
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Fig. 4 — Electrode and power utilization. 


cumulative efficiency factors. The notations shown on 
Fig. 3 explain unusual variations from normal. It is 
interesting to note that in times of decreasing levels 
of production the man-hr/ton figure increases rapidly, 
whereas in times of increasing production, the value 
tends to be unusually low. 


Power and Electrode Utilization 


The graphs shown in Fig. 4, give an account of elec- 
trode consumption and kw hr/ton compared to the 
levels of production. Again, there are many factors 
that affect these consumption figures, but they are use- 
ful in that variations not considered normal call for 
an analysis which is the only means of knowing when 
corrective action is required. 

A major cause of high electrode consumption and 
relatively high kw hr/ton values is low level of oper- 
ation. Smaller heats result in high electrode consump- 
tion, and the necessity of holding a heat to coincide 
with lower rates of mold production tends to increase 
both values. 


CONCLUSION 


When considering objectives it must be realized that 
the conditions that surround management are con- 
stantly changing. As management becomes aware of 
critical changes it often becomes necessary to re-align 
objectives. This point was not illustrated by any of 
the examples discussed. As would be expected, it has 
been found that the intangible objectives, those con- 
cerned with the behavior of people, are especially sub- 
ject to change, whereas overall major goals remain 
fixed. 


Concentration on specific objectives and the con- 
stant evaluation of progress have been found to be an 
effective pattern for the operating management of the 
author’s company’s foundry division. The process of 
developing information necessary for intelligent eval- 
uation, and, when necessary, corrective action, is es- 
sential to the success of the management effort. Above 
all, channels of communication must be kept open and 
unrestricted. 





CASTING ORDNANCE 
TYPE TITANIUM PARTS 


by H. McCurdy, H. Antes and R. E. Edelman 


ABSTRACT 


A consumable electrode, arc-type, vacuum furnace 
has been constructed capable of pouring 110 Ib of 
molten uncontaminated titanium. Two types of mold 
materials, machined graphite and a rammed expendable 
graphitic mix, have been used successfully. The me- 
chanical properties of a cast unheat treated 6 per cent 
aluminum -4 per cent vanadium - balance titanium alloy 
closely approach those of the same alloy in the wrought, 
annealed condition. 


INTRODUCTION 


In 1957, the Ordnance Tank-Automotive Com- 
mand, Detroit Arsenal, requested Frankford Arsenal 


H. McCURDY is with Battelle Memorial Institute, Columbus, 
Ohio; H. ANTES and R. E. EDELMAN are Met., Pitman-Dunn 
Laboratories, Frankford Arsenal, Philadelphia, Pa. 
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Fig. 1— Skull furnace at the authors’ company. (1) 
Steel cable to electric hoist. (2) Pneumatic cylinder. 
(3) Water connection. (4) Power connection. (5) 
Water-cooled stinger rod. (6) Sliding vacuum seal. 
(7) Electric insulator. (8) Consumable electrode. (9) 
Water-cooled copper crucible. (10) Tilting mechanism. 
(11) Vacuum port. (12) Rotary vacuum seal. (13) 
Water-cooled furnace tank. (14) Graphite mold. (15) 
Sight port. 
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to provide titanium castings for an experimental 
vehicle being built at Detroit. These castings ranged 
in weight from 5 to 100 Ib. Since the larger castings 
required quantities of molten metal beyond the 
existing capacity at Frankford Arsenal, a new furnace 
had to be designed and constructed. The tilting 
crucible, consumable electrode, vacuum type furnace 
developed at the Bureau of Mines! fulfilled most of 
the requirements necessary for this work. 

Some large plates and ingots had been cast in a 
similar type furnace at the Naval Research Labora- 
tory.2 It was demonstrated, then, that large amounts 
of titanium could be melted and cast into simple 
shapes. Therefore, this type of furnace with some 
modifications and innovations was used in casting 
the Ordnance parts reported in this investigation. 

The complexity of these parts indicated that an 
expendable type rammed mold would be best suited 
for the job. Much of the development work carried 
out on this material has been reported in previous 
papers. There has been little reported, however, on 
the use of this material in large, complex molds. 
The ability to reduce to practice the use of this 
material was thus an important factor in this 
investigation. 

Foundry problems such as gating, risering and 
alloying of titanium castings have been discussed by 
many investigators.3.4.5,6.7 These problems, similar 
to the mold problem, have not been covered with 
respect to large, intricate castings. The purpose of 
this investigation, therefore, was not only to produce 
certain Ordnance parts, but to develop techniques 
which would be applicable to any future titanium 
castings. 


FURNACE DESIGN 


The important features of the furnace are illustrated 
in Fig. 1. The furnace tank (13) is a double wall 
construction with water circulating between the walls. 
The furnace tank is cylindrical with a dome-shaped 
end. The furnace is closed by rolling along tracks 
until it meets a fixed dome-shaped cap. The vacuum 
seal between the furnace and cap is made by means 
of an “O” ring gasket. The overall dimensions of 
the furnace tank are 4 ft 6 in. diameter by 6 ft long. 

The internal part of the water-cooled copper 
crucible (9) was made by pressing an 8 in. diameter 
seamless copper pipe over a lubricated steel mandrel. 
The 8 to 10 in. diameter taper over 24 in. of the 
inner part of the crucible facilitated skull removal 
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after a melt. The outer, or water jacket, part of 
the crucible was made by rolling a 4-in. thick copper 
sheet into a cylinder and butt welding the joint. 
The inner part of the crucible was flared to a 1314-in. 
diameter so that it could be welded to the water 
jacket in the vertical plane (Fig. 2). 

This type of joint eliminated the possibility of 
contact between the molten titanium and the copper 
weld during pouring. Extra heavy 2 in. copper 
pipe attached near the top of the crucible serves as a 
trunnion for tilting the crucible and as water and 
power connections. A cable system (10) driven by 
an electric motor outside the furnace tank is used 
to tilt the crucible for pouring. The crucible area 
of the furnace is shown in Fig. 2. The overall 
dimensions of the crucible are 1314-in. diameter by 
261,-in. high. 

The electrode assembly consists of an_ electric 
hoist (1), pneumatic cylinder (2), stinger rod (5) 
and consumable electrode (8). The electric hoist 
raises and lowers the electrode during melting. The 
pneumatic cylinder provides rapid elevation of the 
electrode to permit tilting the crucible for pouring. 
Power is brought into the 6 in. diameter consumable 
titanium electrode by a water-cooled copper stinger 
rod. The stinger rod enters the furnace through a 
sliding vacuum seal (6). The electrode tower and 
stinger rod are electrically insulated from the furnace 
tank by a micarta ring (7). 


Double Vacuum Arc Melting 


It has been found that double vacuum arc melting 
titanium alloys are homogeneous and have low hydro- 
gen content. Therefore, double arc melted material 
was used for casting. The consumable electrode for 
the final melt is made by tack welding together 6 in. 
diameter vacuum melted ingots. A heli-arc process 
is used for the welding. A threaded stinger rod adapter 
is also welded on the assembly to form an electrode 
approximately 45 in. long. A finished electrode is 
shown in Fig. 3. 

The furnace is evacuated by a 130 cfm mechanical 
vacuum pump. The vacuum is measured by a thermo- 
couple type gage, an Alphatron and a McLeod 
gage at three points in the furnace. 

The furnace was designed to operate at a maximum 
amperage of 10,000 dc at 32 volts. The four selenium 
rectifiers are connected in parallel to provide a 
maximum of 10,000 amps dc. Normally, straight polar- 
ity (electrode-negative) is used during melting. 

The arc can be viewed through sight ports (15). 





Fig. 3— Titanium consumable electrode. 





Fig. 2 — Water-cooled copper crucible. 


The furnace is operated from a control station pro- 
tected by armor plate for safety. 


FURNACE OPERATION 


A typical melting procedure may be described as 
follows. An electrode 6 in. in diameter and up to 
48 in. long is attached to the stinger rod and placed 
in the electrode tower. A titanium skull, a cross- 
section of which is shown in Fig. 4, from a previous 
heat is then placed in the water-cooled copper 
crucible and some clean scrap titanium or titanium 


Fig. 4 — Titanium 
skull. 
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Fig. 6 — Oil fill cover. 





Fig. 7— Cope and drag of drain 











hole cover. 


sponge is added to facilitate striking the arc. The 
mold, preheated to 400 F to remove moisture, is next 
clamped in place. 

The furnace is closed and evacuated to 10 microns 
with a leak rate less than 2 microns/min. The arc is 
struck at 5000 amps and 30 to 32 volts. The current 
is then increased to 10,000 amps for operation. As 
the electrode burns off, the electrode assembly is 
lowered to maintain the voltage at 30 to 32. The 
amount of electrode burn-off can be calculated by 
data from a watt-hour meter. The average burn-off 
rate is 2.7 lb/kw-hr. 

When the crucible contains enough metal to fill 
the mold cavity and gating system, the arc is extin- 
guished, the electrode is raised by activating the air 
cylinder and the crucible is tilted. Four to six sec 
elapse from the time the arc is extinguished until 
all the metal is poured into the mold. The average 
ratio of titanium poured to the total amount of 
molten and solid titanium in the crucible at the time 
of pouring is approximately 2. 


MOLDING PRACTICE 


The expendable mold material was selected as the 
most satisfactory and economical material for making 
the molds for this program. This material is particu- 
larly adaptable where complex shapes and intricate 
coring are necessary. The molds may be fabricated 
using common foundry techniques. Production of 
the mold using this material is more economical than 
machining from high density graphite. The castings 
shown in Figs. 5, 6, 7 and 8 were made in the 
“F.A. graphitic mold material” of the composition 
shown in Table 1. 

It can be seen from this table the mix used in this 
investigation was similar to the 8 per cent starch mix 
from reference 7. It should be emphasized that if 
the starch content is kept down to the lower limit 
(6 per cent), the degree of inertness of the resulting 
molds is comparable to machined graphite molds. 
However, for the molds used in this investigation 
greater green strength was needed to facilitate pattern 
removal; therefore, the higher starch content mix 
was used. 
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Fig. 8 — Vision block rotor carrier. 








TABLE 1—F.A. GRAPHITIC MOLD MATERIAL 











COMPOSITIONS 
Parts by Weight 
Optimum 
This Comp. Comp. 
Investi- from for 8%, 
Constituent gation Ref. 7 Starch 
Electric furnace graphite powder 
RS eee Fecehast 63.0 61.0 63.4 
Peeeenee POG on. won eee esses 11.9 11.5 11.9 
Carbonaceous Cement ........... 9.5 9.0 9.4 
A PR ee ee ee 8.0 (6 to 8% 8.0 Fig. 9 — Rammed 
of total) graphite mold com- 
CN tea ces wad x ee Aa eee 6.4 6.0 6.2 ponents for vision 
Surface Activating Agent ......... 1.2 1.0 1.1 block rotor carrier. 








The mixing and molding procedures for rammed 
graphite follow standard foundry procedures. The 
graphite powder is blended dry with the starch and 
pitch in a muller. The water, surface activating 
agent and carbonaceous cement are mixed in a 
separate container and then added slowly to the dry 
mixture while the muller is in operation. After suit- 
able mixing the damp mass is removed from the 
muller and hand rammed around a wood pattern 
previously sprayed with silicone mold release. 














, é attern asse 1 od 
I he mold and pattern assembly are then pressec TABLE 2— MICRO-HARDNESS DATA* 
with a molding machine at a pressure of 100 psi. - mse 
The mold is stripped from the pattern and flask, See ae rane tense ness (500 gm nom) 
vent holes are added and the mold is allowed to 1 sop in aaa Metal From Metal From 
‘ , i Interface Rammed Machined 
dry at room temperature for one to seven days depend- (in.) Mold Graphite 
ing on the mass of the mold. 0.002 450 385 
After air drying, the molds are baked to remove a sen a 
residual water and to set the pitch. In this process, 0.008 405 398 
they are heated slowly to 250F (starting at 150F 0.010 440 359 
and increasing the temperature 20 F/hr) and held at 0.014 382 378 
250 F for 16 hr. The molds are then packed in ao a 
graphite powder and fired at 1800 F for 8 hr. After 0.026 382 375 
firing, gates and risers are cut, cores put in place and 0.030 343 375 
the molds are assembled for casting. 0.034 349 379 
: 0.038 335 342 
A shrinkage allowance of %g,-in./ft, from pattern 0.250 330 369 
to titanium casting, is used. A typical rammed graph- *Cast Titanium —6 Per Cent Aluminum —4 Per Cent Vana- 


ite mold and core are shown in Fig. 9. An assembly dium Alloy 


view, including machined graphite pouring basin, 
sprue, gates and risers, is shown in Fig. 10. 





SURFACE CONTAMINATION 


The extent of the surface contamination of the 
castings made in the rammed graphite molds was 
determined by Knoop microhardness traversals. A 
vision block rotor carrier casting was sectioned to 
provide specimens for this test. Specimens cut from 
the casting were used as representative of material 
cast in machined graphite. The data obtained from 
micro hardness traverses on these specimens are shown 
in Table 2. These data are represented by the 
curves shown in Fig. 11. 





It can be seen from these curves that the material Sth BW Gey, 


© . 2 we = = bs 
cast in the rammed mold had higher surface hardness , Hts Vaghrs i 
than the material cast in machined graphite. This Ce : Hh ga Coeds 
small difference in surface hardness is due to the Pty, 00: Aasminbiied villdibsid donates eat Cin! Witins 


high starch content (8 per cent) that was used. block rotor. 
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TABLE 3— MECHANICAL PROPERTIES* 





YS Elong. Charpy, 

(psi) (1.4 in. Im-  Bhn, 
Melting UTS, 0.2% gage), R.A. pact, 3000kg 
Condition (psi) offset q% % —76C Load 





Vacuum Melted 133,700 117,200 120 23.2 13 $11 


Consumable 134,100 117,100 106 20.2 13 302 
Electrode 
Argon-Helium 133,700 119,800 64 21.0 a 301 


Melted Tungsten 
Electrode 

*Cast Titanium —6 Per Cent Aluminum — 4 Per Cent Vana- 
dium Alloys 





CAST MECHANICAL PROPERTIES 

Tensile and impact tests were made on specimens 
cut from a vision block rotor carrier casting. The 
results of these tests are shown in Table 3. In addition, 
tensile data are listed in Table 3 from reference 8. 
The data from reference 8 are for an alloy melted in 
an argon-helium atmosphere with a tungsten tip 
electrode. 

The chemical analyses for both type melts are 
shown in Table 4. 


TABLE 4— CHEMICAL COMPOSITION OF ALLOYS 
Element (w/o) Element (ppm) 
Cc Fe Al Vv H oO 











Vacuum Melted 0.1 O12 625 4.05 23 —=s Bll 
Consumable Electrode 0.1 0.16 6.28 4.12 27 #8836 
Argon-Helium 0.1 — 604 3.87 a —_ 
Melted Tungsten 

Electrode 





GATING, RISERING AND SHRINKAGE 


The high thermal conductivity of the material 
that is used for the sprues, gates, mold and risers for 
casting titanium causes rapid solidification of the 
molten metal. Frequently, it is difficult to obtain 
the desired directional solidification and feeding 
that is necessary to produce a sound casting. The use 
of higher conductivity material for chills may help 
in some cases, but in general the effect is small. 
Therefore, shrinkage porosity in titanium castings is 
common. 

Risers placed over areas where shrinkage occurs 
will eliminate the porosity. Risers must be positioned 
accurately since the feeding distance of titanium in 
graphite. molds is short. 

Recently, gating and risering studies have been 
made for titanium casting in machined graphite and 
rammed type molds. 

It has been found that normal gating systems that 
minimize turbulence are applicable to casting tita- 
nium. That is, bottom gating and side gating usually 
are preferable to top gating. Gating ratios of 1:2:2 
have been found to be adequate. In addition, it has 
been found that the minimum riser diameter should 
be two times the casting thickness for machined 
graphite molds, and 214 times the casting thickness 
for rammed type molds. 





The lower thermal conductivity of the rammed 
molds increases solidificaton times slightly. There- 
fore, somewhat larger risers are needed for the rammed 
mold since the feeding distance will be greater. 

The castings made in this investigation and their 
gating and risering systems are discussed below. 


Telescope Door 


The telescope door is shown in Fig. 5. The wedge 
type geometry of this particular casting makes it 
easy to obtain directional solidification. In this case, 
a top gate was used that acted as the riser. The 
general arrangement is shown in Fig. 12. It can be 
seen from Fig. 12 that a 5 in. diameter riser was 
used. This riser was 5 in. high. The first casting of 
this shape was made with a 4 in. diameter riser; 
however, shrinkage was observed immediately under 
the riser. Increasing the ‘riser diameter to 5 in. 
eliminated this porosity and provided sound castings. 
Total weight of this casting plus riser was approxi- 
mately 30 Ib. 


Oil Fill Cover and Drain Hole Cover 


The similarity in geometries of the oil fill cover 
and the drain hole cover can be seen by comparing 
Figs. 6 and 7. Therefore, the gating and risering 
that was used was similar. In the case of the oil 
fill cover the thinnest part of the casting was at 
the center, and the section size increases toward edges 


and the corners of this triangular shape. The 5,-in. 
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Fig. 12 — Gating 
and risering of 
telescope door in a 
rammed __ graphite 
mold. 
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Fig. 13 — Gating and risering of oil fill cover in a 
rammed graphite mold. 











Fig. 15 — Gating and risering of vision block rotor 
carrier in a rammed graphite mold. 


section near the corners required approximately 14-in. 
diameter riser, according to reference 6. The gating 
system is shown in Figs. 13 and 14. 

In each case two castings were made simultaneously. 
A pouring basin was used with a 3 in. diameter 
down sprue. Each casting was side gated with a one 
in. diameter gate. Radiographs of oil fill cover cast- 
ings made with the gating system shown in Fig. 13 
indicated the castings were sound. However, when 
the same gating system was used for the drain hole 
cover casting radiographs revealed porosity in the 
areas indicated in Fig. 14. The two oil fill cover 
castings and the two drain hole cover castings with 
gates and risers each required a pour of approxi- 
mately 35 Ib. 


Vision Block Rotor Carrier 

A vision block rotor carrier casting is shown in 
Fig. 8. A 3 in. diameter sprue was used with 2 one in. 
diameter gates. Two 2\4-in. diameter risers were 
placed on the heaviest section, as shown in Fig. 15. 
Radiographs of the castings revealed shrinkage in 
each of the end sections, as shown in Fig. 15. These 
defects could be eliminated by padding these sections 
and using blind risers. This casting, including the 
gating system, required a pour of approximately 
50 Ib. 


Drivers Hatch Cover 

The facilities used for firing the rammed graphitic 
molds were not large enough to accommodate a 
mold of the size necessary for the driver’s hatch 
cover casting. Therefore, the mold for this casting 
was made by machining dense CS grade graphite. In 
order to determine the amount of molten titanium 
needed for this casting, a preliminary casting of 
aluminum was made in the mold. The aluminum 
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Fig. 14 — Gating and risering of drain hole cover in a 
rammed graphite mold. 
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casting was weighed and the weight required to fill 
the mold with titanium was calculated. 

In addition, aluminum castings were made to 
study general gating and risering techniques. It was 
found that the finished casting would weigh approxi- 
mately 100 lb in titanium. The maximum pour from 
the crucible is about 110 lb. This left only 10 Ib 
of metal available for the gates and risers. A 4 in. 
diameter top gate was used that also acted as a 
riser (Fig. 16). This particular arrangement was 
used because of the amount of molten metal available 
for pouring. The resulting casting is shown in Fig. 17. 

This figure shows the drag surface. The riser was 
placed at the lower left-hand part of the casting. 
Shrinkage was observed in the heavy section furthest 
from the riser. This shrinkage can be eliminated by 
placing a riser in that area. Currently, a new crucible 
is being made for the furnace so that larger pours 
can be made. This will permit the use of more 
adequate gates and risers in the driver’s hatch cover 
casting. 


DISCUSSION 


The furnace constructed for this work proved 
satisfactory for providing 110 lb of uncontaminated 
molten titanium. However, more molten metal is 
necessary to produce a sound driver’s hatch cover cast- 
ing. Currently, a larger crucible is being made that 
will provide at least 150 lb of titanium for pouring. 

Vacuum melting removes hydrogen from titanium 
and low hydrogen content was observed in the cast- 
ings made in this study. One of the principal diffi- 
culties of casting titanium is that the pour must be 
made as rapidly as possible to maintain the required 
super heat. Rapid pouring invariably causes splash- 
ing and turbulence of the molten metal in the mold 
cavity. Splashing of metal in conjunction with the 
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Fig. 17 — Driver’s hatch cover. 


high thermal conductivity of the graphite mold causes 
a surface with occasional cold shot. 

It has been observed that a surface that is rippled 
and which contains cold shot is more prevalent in 
smaller casting, and in those castings made in ma- 
chined graphite molds. The lower thermal conduc- 
tivity of the F.A. graphitic mold material eliminates 
rippled surface and tends to reduce cold shot. 

The machined graphite molds that were used in 
this work were designed so that after casting the mold 
components could be removed without damage. In 
the case of the rammed molds the cope, drag and 
cores were molded as one piece each. As a result, the 
mold components were usually damaged during 
“break out” so that the rammed molds could be used 
for one casting only. 

The fact that castings made in the F.A. graphitic 
mold material had slightly higher surface contami- 
nation than is observed when machined graphite (CS 
grade) is used can be attributed to the use of an 8 
per cent starch mix. It has been shown that castings 
made in a 6 per cent starch mix are comparable to 
castings made in machined graphite molds.7 

The tensile strengths of vacuum melted and argon- 
helium melted titanium—6 per cent aluminum—4 per 
cent vanadium alloy are approximately the same 
(Table 3). However, there is a considerable differ- 
ence in the elongations. The vacuum melted alloy 
exhibited elongations of 10.6 to 12 per cent, while 
the elongation of the argon-helium melted alloy was 
6.4 per cent. It is interesting to note that the tensile 
properties of the vacuum cast alloy closely approach 
the specified properties of the equivalent annealed 
wrought alloy (i.e, UTS—135,000 psi; YS— 120,000 
psi; Elong.—11 per cent). 

Large sprues, runners and gates are necessary for 
casting titanium because the relatively high thermal 





Fig. 16 — Gating and risering of driver’s hatch cover in 
a machined graphite mold. 





conductivity of the graphite used for these compo- 
nents chills the metal rapidly. The rapid solidifica- 
tion of the cast metal accompanied by unfavorable 
geometry with respect to directional solidification fre- 
quently makes the problem of obtaining a sound 
casting exceedingly difficult. If the geometry is favor- 
able for directional solidification, however [i.e., the 
telescope door (Fig. 5) and the oil fill cover (Fig. 
6)], sound castings are obtained. 
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ABSTRACT 


This investigation was conducted to determine the 
reason for increased shrinkage or risering requirements 
of gray iron resulting from inoculation of metal poured 
in green sand molds. Fourteen groups of risered castings 
were produced in both green and core sand molds with 
various amounts of inoculants under controlled condi- 
tions. The iron employed was cupola melted with a car- 
bon equivalent from about 3.6 to 4.0 per cent. Effective 
inoculation was obtained with ferrosilicon containing 
appreciable aluminum and calcium and aluminum metal 
added with ferrosilicon; however, pure silicon was not 
an effective inoculant. 

Effective inoculation of gray iron produced a con- 
siderable amount of mold wall movement in green sand 
molds in excess of that resulting from the increase in 
carbon equivalent. This amount of mold cavity enlarge- 
ment in green sand increased with increased amount of 
inoculation. Little tendency for increased mold wall 
movement in core sand molds resulting from inoculation 
was observed. 

It is concluded that the increased shrinkage result- 
ing from the inoculation of gray iron poured in green 
sand molds.was the result of larger amounts of mold 
wall movement. It is hypothesized that the inoculation 
produces a more mushy type of solidification and de- 
lays the formation of a solid metal skin. This type of 
solidification together with the increased number of 
nuclei and finer cell size produced by inoculation com- 
bine to produce a weaker casting wall and more con- 
fined internal pressure, and tend to produce more mold 
cavity enlargement. 


INTRODUCTION 


This is a report of further progress of work on the 
risering of gray iron castings sponsored at Case Insti- 
tute of Technology by the AFS Training and Re- 
search Institute and performed under the direction of 
the Research Committee of the Gray Iron Div. A 
previous report! was submitted on the feeding dis- 
tance of gray iron castings. The portion of the project 
reported in this paper was directed towards a deter- 
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mination of the influence of inoculation on risering 
requirements and reasons for any such influence. 

Gray iron and other metals solidify by a process of 
nucleation of solid particles in the liquid metal and 
the growth of these into the remaining melt. This nu- 
cleation or initiation of solidification is usually pre- 
ceded by some undercooling of the liquid melt be- 
low the theoretical or so-called thermodynamic liq- 
uidus or melting temperature. The first solidification 
which occurs in hypoeutectic iron or in iron with a 
carbon equivalent below 4.3 per cent is in the form 
of primary austenite, almost always in a dendritic 
form. 

The solidification of these dendrites proceeds over 
a range of temperatures, and as the temperature is 
lowered the remaining liquid is enriched in dissolved 
carbon. Eventually, the temperature reaches the up- 
per limit of the eutectic temperature range and the 
remaining liquid attains the eutectic composition. If 
the iron has a hypereutectic composition (over 4.3 
per cent carbon equivalent), primary graphite solidi- 
fies first over a temperature range before the eutectic 
temperature and composition are attained. 

The solidification of the eutectic cells of secondary 
austenite and graphite is controlled by nucleation 
and growth previously discussed. The melt of eutectic 
composition may undergo considerable undercooling 
below the top of eutectic temperature range be- 
fore the solidification of eutectic cells begins. Such 
undercooling is capable of producing a great change 
in the type and form of the graphite constituent. 
Type A graphite is obtained if the undercooling is 
slight, and Type D graphite results from appreciable 
undercooling.2 If the undercooling is great, white 
iron, or the Fe,C — austenite eutectic, may solidify.? 


Gray Iron Inoculation 

Inoculation of gray iron is a means of controlling 
the undercooling of the eutectic, and, therefore, 
greatly influencing the graphitic structure. By the 
addition of effective inoculants such as ferrosilicon 
containing considerable aluminum and calcium, cal- 
cium silicon, graphite or special mixtures of alloys, 
foreign nuclei are introduced from which the solidifi- 
cation of eutectic cells is started. 
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Fig. 1— Gating and risering of castings. 


It appears to the authors that these additions, 
either as added or as compounds which are produced 
by reactions with other constituents in the melt, may 
actually serve as nuclei for graphite phase of the 
eutectic. This graphite is not nucleated by austenite 
since the graphite-austenite eutectic is anomalous in 
nature.* Inoculation is most effective and commer- 
cially practiced with hypoeutectic irons, because 
graphite nuclei for eutectic solidification are not 
provided by the solidification of a primary graphitic 
phase as in hypereutectic irons. 

The introduction of stable effective foreign nuclei 
for eutectic solidification by inoculation reduces 
undercooling and favors Type A graphite.2 In addi- 
tion, the presence of a large number of nuclei re- 
sults in a large number of eutectic cells.5 With the 
solidification of the eutectic starting from a large 
number of locations and with reduced undercooling, 
the graphite flakes in the eutectic cells grow slowly 
into the remaining liquid and do not branch fre- 
quently. This produces a thicker, unbranched flake 
structure characteristic of Type A graphite. 

In contrast, however, the uninoculated iron under- 
cools to a considerably greater extent before the 
start of solidification, and has fewer centers of nuclei 
from which the solidification of the eutectic pro- 
ceeds. The result is much more rapid solidification 
of fewer eutectic cells with thin, branched and elon- 
gated graphite flakes and larger cell size. These 
types of structures in Type A and D graphite have 
been demonstrated by some researchers. 6-7.8.9 


Type A Graphite 

Type A graphite and the usual small cell size 
which occurs with this type of graphite are favored 
by any melting or solidifying factors which favor 
the presence, or an opportunity to function, of effec- 
tive nuclei. Increasing the temperature of the melt 
tends to destroy nuclei existing in the melt at lower 
temperature and does not favor Type A graphite 
or small cell size.1¢11,12 Increasing amounts of 
graphite containing metal in the furnace and cupola 
charge, however, favors the presence of nuclei and 
smaller cell size with Type A graphite. Vibration of 
a solidifying melt produces more effective nuclei and 





finer cells with coarser graphite.13.14,15 It is also 
obvious that the reduced undercooling produced by 
the presence of these nuclei drastically reduce mot- 
tling or chill depth of the iron.?-5 

Type A graphite generally exhibits improved me- 
chanical properties compared to Type D. These im- 
proved properties are believed to be the result of 
both the matrix and graphite structures. The fewer, 
shorter flakes of Type A graphite cause less con- 
centration of stress at the edges of the flakes than 
more frequent, longer, branched flakes of Type D 
graphite. The increased distance in the matrix be- 
tween flakes in Type A graphite favors a pearlitic 
matrix, whereas the shorter distance between the 
thinner Type D graphite flakes tend to produce a 
ferritic matrix. 

It has been shown that the tensile strength, shear 
resistance, hardness, compressive strength, modulus 
of elasticity and wear resistance are superior with 
Type A graphite compared to Type D.6 

One undesirable effect of inoculation, or increas- 
ing the number of effective nuclei so that eutectic 
cell size is reduced, is an increase in shrinkage prob- 
lems. Numerous investigators have observed that in- 
oculated gray iron exhibited more shrinkage than un- 
inoculated gray iron, and therefore required heavier 
risering to avoid shrinkage defects.12-17-15 This same 
phenomenon has been observed by foundrymen both 
in production and in research. 

This investigation was undertaken in an attempt 
to explain why inoculation, the presence of effective 
nuclei and fine eutectic cell size, causes more shrink- 
age. It is hoped that by determining the cause of this 
shrinkage behavior, methods of reducing the risering 
requirements of inoculated irons may become appar- 
ent or at least the mechanism may be understood so 
that appropriate risering can be employed when 
necessary. 

PROCEDURE 


The castings employed were a 2x 2x 12 in. square 
cross-section bar and 1.2 in. diameter, 12 in. long test 
bar. Both bars were cast horizontally with one riser 
located at one end. The castings were gated tan- 
gentially into the riser, as shown in Fig. 1. The 
dimensions of the gating system, riser and riser neck 
were obtained by calculations,1% 2° and designed to 
produce a casting free from gating defects and 
shrinkage. 

The details of pouring times, riser, riser neck and 
gating system dimensions are listed in Table 1. Both 
risers were cylindrical with closed top and hemispher- 
ical bottom. The height o: the cylindrical section 
of the riser was equal to the diameter. The square 
bar casting was selected to provide considerable sur- 
face area, and also be sufficiently chunky to avoid 
mottling in all cases. 

A special type of chill block was cast from each 
iron produced. This block was approximately 114-in. 
thick, 514-in. wide and 9 in. high with 14-in. radius 
notch cast longitudinally in the center of the two 
largest surfaces. Molten iron was poured directly in- 
to the open top of an oil-bonded, baked core sand 
mold of these internal dimensions. The bottom of 

















the mold cavity with 5 in. long and 1l4-in. wide 
face rested on a one in. thick steel block to obtain 
the chill effect. 

The two in. square bar castings were poured in 
both green and oil bonded baked core sand. The 
1.2 in. diameter test bars were produced only in the 
core sand. All molds were made on a squeeze jolt 
molding machine under equivalent conditions. The 
molds were compacted in slip flasks and jacketed for 
pouring. Mold hardness on the green sand molds 
was maintained approximately constant. The sand 
utilized for green sand molds was the regular system 
sand employed in the production foundry. 

Standard AFS tests results on this system sand made 
during this period, and the composition of the 
sands employed are shown in Table 2. The base 
sand for the system and for cores was a subangular 
Michigan lake sand with an AFS Grain fineness 
number of 50-53 and 3% screen distribution. Ex- 
cept for the vertically cast chill blocks, all castings 
were poured in a leveled horizontal position after 
the addition of weights to the top surface of the 
cope. At least a two in. layer of sand surrounded 
all parts of the casting to prevent rapid loss of heat 
at any location. The castings were allowed to solidify 
without moving and were cooled overnight in the 
mold before shakeout. 


Melting Practice 


The iron was melted in a commercial, hot-blast, 
acid-lined, 54 in. diameter cupola, transferred to a 
holding ladle, tapped from the holding ladle into 
preheated ladles and poured into the molds. The 
cupola charge consisted of various amounts of pig 
iron, steel and gray iron scrap with small additions 
of silicon carbide and ferrosilicon for analysis con- 
trol. The approximate cupola tapping and pouring 
temperatures were 2800 and 2650F, respectively, as 
determined by optical pyrometer. 

The pouring temperatures of the castings var- 
ied from 2450 to 2580F as check by Pt—Pt—10 
per cent Rh thermocouple. Care was taken to con- 
trol tapping, inoculating and pouring temperatures 
as closely as possible for all heats. Such control of 
these temperatures is essential because of their ob- 
served influence upon the mode of solidification.1% 21 
The temperatures are reported separately for each 
group of castings in the tables that will be referred to 
subsequently. In each heat, inoculants with varying 
quantities of Si, FeSi and Al were added into the 
metal stream while the metal was being transferred 
from the holding ladle into pouring ladle. 

Then the metal was stirred vigorously with a 
steel rod for a few seconds and the melt allowed to 
drop to the desired temperature before pouring. 
The chemical analysis of the various heats poured 
will be described in detail in subsequent paragraphs. 
The carbon equivalent was maintained within 3.6 
to 4.0 per cent because these types of irons are the 
compositions usually inoculated. The variations in 
silicon content are considerably wider than in 
carbon. 

Utilizing the design of casting, type of sand mold, 


TABLE 1— POURING TIMES, RISER AND 
GATING SYSTEM DIMENSIONS 





Casting Number 
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molten metal and pouring practice described above, 
two separate experimental series of castings were 
produced. The first series of castings were intended 
to demonstrate the influence of composition, par- 
ticularly carbon equivalent, on casting behavior 
with various types and amounts of inoculants. The 
second series of castings were designed to demonstrate 
only the effect of various amounts and types of in- 
oculants, with composition held as closely as possible. 


Inoculation 

In the first series of castings, ten groups, each 
consisting of one 2 in. square bar in both green 
and core sand and one 1.2 in. diameter bar, were 
produced. Groups | and 2 were not inoculated and 
had close to the same analysis but were poured 
with an intended temperature difference of 100 F. 
The remaining eight groups were cast in pairs with 
the same pouring temperature and essentially the 
same composition for each pair. 

However, the type of inoculant differed between 
the two groups in each pair. The first group of 
each pair was inoculated with commercially pure 
silicon, and the second one of the pair was inoculated 
with ferrosilicon containing considerable calcium and 
aluminum. The same amount of silicon addition was 


TABLE 2— COMPOSITION AND PROPERTIES 
OF GREEN AND CORE SAND 





Composition, % by Weight 
Green Facing Sand 
System Heap Sand..... 82.25 Green Compression 


Properties 





nat... rere eee 7.20 Se Pere 12.5 
Added Seacoal ........ 0.56 Permeability ..........115 
Added Western Rammed Hardness 

ee 1.52 t aaa 85 
Added Hard Wood Total Moisture, % .... 4.0 

EE Ne ciate ora.ik ws as 1.16 Total Clay, % ........ 5.0 
Added Pitch .......... 0.06 Total Combustibles, %. 8.5 
Added Cereal ......... 0.25 

Core Sand 

New Lake Sand ....... 74.92 Green Compressive 
Reclaimed Sand ...... 11.86 Tee 1.0 
NG NN Glance cses 6.87 Baked Tensile Str., psi, 280 
a NTS 0.75 Baked Scratch Hard- 
ea 1.87 PEP TT 95 
SD siccg exe ava'e's 0.26 Baked Permeability ...128 
Fast Baking Oil ....... 0.97 Green Moisture, % .... 2.5 
ee ere 1.56 Baking Time, min .... 80 
Hard Wood Flour ..... 0.94 Baking Temperature, F 425 
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TABLE 3— CASTING DATA ON FIRST SERIES 





Carbon Si in 








Pourin = Equiva- Typeof Inocu- 
Group Tame Composition, %* lent, ate lant, 
No. F Cc Si % lant % 
l 2480 3.17 1.35 3.64 none _ 
2 2580 3.08 1.41 3.57 none — 
8 2540 3.10 1.56 3.64 Si 0.15 
4 2540 3.08 1.68 3.66 FeSi 0.15 
5 2525 3.10 1.65 3.67 Si 0.30 
6 2525 3.17 1.61 3.73 FeSi 0.30 
7 2520 3.15 1.68 3.73 Si 0.45 
8 2520 3.19 1.81 3.81 FeSi 0.45 
9 2510 3.13 1.90 3.78 Si 0.60 
10 2510 3.10 2.31 3.89 FeSi 0.60 


*Entireé series contained 0.70% Mn, 0.085% S, 0.057% P. 





made with both ferrosilicon and pure silicon. The 
amount of silicon added as either ferrosilicon or pure 
silicon was increased with successive pairs; groups 
3 and 4, 0.15 per cent Si; groups 5 and 6, 0.30 per 
cent Si; groups 7 and 8, 0.45 per cent Si; and groups 
9 and 10, 0.60 per cent Si. 

The odd numbered groups were inoculated with 
pure silicon and even numbers with ferrosilicon. The 
pouring temperatures, composition, carbon equivalent 
and amount and type of inoculant are listed in Table 





sired information on structure, dimensions, weight, 
composition and mechanical properties. The 2 in. 
square bar castings were sectioned by saw cutting 
at the center of the riser neck and weights, and 
volumes of both casting and riser were determined. 
The weight of each was measured to an accuracy 
of + 2 grams on a scale; the volume was determined 
by immersion. In the first series, the riser plus in- 
gate weight was obtained; only the riser weight was 
measured in the second series. 

The 1.2 in. diameter test bar was employed to 
determine the chemical composition, microstructure, 
tensile strength and hardness of each group. Drill- 
ings for chemical analysis were removed from the 
runner of the test bar. The portions of the bar 
closer to the riser were machined to standard 0.505 
in. diameter, 2 in. gage length tensile test bars. 
The portions of the bar remote from the riser were 
polished and etched to develop the eutectic cell 
size and type of graphitic structure for each group. The 
cell size was developed by deep etching with Stead’s 
reagent; the matrix structure was observed after 
etching with nital. 


TABLE 4— CASTING DATA ON SECOND SERIES 




















3. The reported composition of pure silicon and Carbon 
ferrosilicon is: Pouring a2 Equiva- 
Group aaa Composition, 7% * Inoculant, % 
Inoculant Si Al Ca_ Fe No. F Cc Si %, Si FeSi Al 
a, ree 98.95 0.09 0.01 0.54 n 2550 3.35 1.86 4.00 0.50 _ _ 
reer ee 84.60 1.80 0.30 rem. 12 2540 3.32 1.88 3.97 — 063 _ 
13 2530 3.36 1.90 4.01 — 0.63 0.0063 
14 2520 3.32 1.94 3.99 — 063 0.0126 


In the second series of castings four groups were 
poured, each consisting of one 2 in. square bar in 
green and in core sand, one test bar and one chill 
block. The pouring temperature and composition 
were maintained as constant as possible in all cast- 
ings of the series. Group 11 was inoculated with 
pure silicon; Groups 12, 13 and 14 were inoculated 
with same amounts of ferrosilicon but with increasing 
contents of 14-in. diameter aluminum shot. The com- 
position of the silicon and ferrosilicon is listed in 
the previous paragraph. 

The aluminum was of super purity containing 
less than 0.001 per cent calcium. Aluminum was 
employed because it has been shown that this metal 
is an effective inoculant when added with ferro- 
silicon.22 It must be pointed out, however, that 
even fairly small aluminum additions can produce 
pinholes, particularly in light sectioned castings made 
in green,sand molds. The amount of inoculant added 
to each group was so adjusted as to obtain irons 
of the same final silicon content. 

The chemical analysis, pouring temperature, car- 
bon equivalent and type and amount of each in- 
oculant for all groups in this second series are listed 
in Table 4. The pouring temperature decreased 
approximately 30 F from the first to the last group, 
but the composition was held within close limits. 


Castings Used 
After casting and cooling in the mold, the various 
types of castings were processed to obtain the de- 


*Entire series contained 0.83% Mn, 0.073% S and 0.059% P. 





Because of a nonuniform, finer cell size near the 
outside surface of the 1.2 in. diameter bar, the cell 
count was made only on the 1.0 in. diameter section 
at the center of the bar. The Brinell hardness of 
each iron was obtained by testing the center of 
a ground transverse round removed from close to 
the longitudinal center of each 1.2 in. bar. 


RESULTS AND DISCUSSION 


Examination of the 2 in. square, 12 in. long bars 
provided the most. significant data in this investi- 
gation. All cast bars appeared sound visually with- 
out evidence of sinks or draws. The internal sound- 
ness of several of these bars cast under various con- 
ditions was checked by sectioning and etching, and 
the bars thus examined were found to be completely 
sound in every case. The risers showed evidence of 
feeding the 2 in. square bars in all cases, but the 
size of the shrinkage void in the top of the riser 
varied with the metal and mold. 

The appearance of a typical set of four risers 
with gate attached are shown in Fig. 2 after removal 
from the bar casting, and also after sectioning longi- 
tudinally. The sectioned portions provide details of 
the relative amount of shrinkage void in the riser 
top and exudation which has occurred in each case. 
Included in the four are inoculated and uninoculated 











Fig. 2—- Gates and risers from 2 in. square bars. 


irons cast in both green and core sand molds. They 
were cast in Groups 5 and 6 in the first series of 
experiments. All four risers shown have essentially 
the same composition and were poured at approxi- 
mately the same temperature. 

As was generally the case throughout all groups, 
the green sand castings exhibited considerably 
greater riser shrinkage voids in the top than those 
cast in dry sand molds. Inoculation increased shrink- 
age considerably in green sand castings, but little in 
those cast in core sand molds. While some exudation 
was generally observed in all risers, it was more in 
evidence in the shallower riser shrinkage cavity of 
castings produced in core sand molds than in the 
deeper riser shrinkage cavity in green sand castings. 

In fact, the depth of shrinkage voids in risers 
cast in core sand molds can be misleading, because 
the height of the whole riser may be reduced in- 
stead of a distinct shrinkage cavity. The deeper 
cavity exhibited by the risers feeding the castings in 
green sand is undoubtedly the result of the much 
greater mold wall movement experienced in green 
than in core sand.23 The riser for the core sand 
casting is only required to feed the casting during 
the liquid shrinkage and shrinkage which occurs 
during the solidification of primary austenite. 

These two contractions occur relatively soon after 
pouring when the riser is mostly liquid. The riser 
on the green sand casting, however, must also com- 
pensate for mold wall movement as well as liquid 
and solidification contraction. This mold wall move- 
ment occurs throughout the solidification period and 
the riser undergoes partial solidification during the 
period when this feeding of increased mold size occurs. 


Mold Cavity Expansion 

The results of measuring the weight and volume 
of the 2 in. square castings establishes that increased 
size of the shrinkage void that occurs in the risers 
with inoculation can be attributed to an increase 
in mold cavity expansion. The amount of increase 
in mold cavity enlargement depends upon the rigidity 
of the mold as well as the amount of inoculation. 
Consequently, the increase in mold wall movement 
is much greater in the weaker green sand mold than 
the stronger core sand. 

The weight and volume of the 2 in. square castings, 
risers and casting-riser combinations, produced in the 
first series of experiments, are shown in Table 5, 
and the same data for second series in Table 6. The 
significant data are the effect of inoculation and 
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type of molding sand on the weight and volume of 
the casting alone. It is to be anticipated that the 
volume and weight of the riser would decrease, as 
the weight and volume of the casting increase be- 
cause of greater mold wall movement. 

However, the sprue and gate remain liquid for a 
limited period and tend to feed the riser until the 
top of the sprue is equal to the metal level in the 
riser and as long as the feed channels remain open. 
Consequently, the total weight of the riser and cast- 
ing tends to become greater as mold wall movement 
increases, but the weight increase is dependent on 
how long the bottom of the sprue or sprue choke 
remains open. For this reason, the total weight of 
casting plus riser, and particularly the riser weight, 
can be erratic. 

If mold wall movement is measured by the volume 
or weight of an unrisered casting, the effects of sprue 
feeding, sinks and internal shrinkage can produce mis- 
leading results. Consequently, in this work, conclu- 
sions are based on the 2 in. square bar castings only 
after the risers were removed. It is noted that all 
shrinkage voids were present in the riser in all 
cases, since all castings in both types of molds are 
completely sound. 


Inoculation Effect 


The effect of increasing amounts of ferrosilicon 
and pure silicon inoculation on the weight and 
volume of the green and core sand bar castings is 
illustrated in Fig. 3 (Series 1). This plot shows 
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TABLE 5— WEIGHTS AND VOLUMES OF CASTING, RISER AND CASTING AND RISER COMBINED FOR GREEN 
AND CORE SAND MOLDS IN SERIES ONE 














































































































Group 
2 3 4 5 6 7 8 9 10 
Casting 
Green 
Wt., gms. 6055.6 6134.9 6019.3 6148.5 6121.3 6300.5 6227.9 6264.2 6173.5 6409.4 
Vol., cc. 838.1 847.7 835.9 855.3 868.7 850.2 864.4 869.6 848.4 876.6 
Core 
Wt., gms. 5731.2 5629.2 5642.8 5649.6 5489.1 5624.6 5531.7 5608.1 5556.6 5552.1 
Vol., cc. 791.4 776.8 780.4 783.8 756.2 779.9 768.4 768.2 770.7 771.9 
Riser plus Ingate 
Green 
Wt., gms. $388.4 $377.1 3417.9 3368.0 3368.0 3408.8 3447.4 3476.8 $424.7 3433.8 
Vol., cc. 470.4 466.3 473.0 465.6 473.0 466.7 474.8 480.2 474.9 476.6 
Core 
Wt., gms. 3374.8 $309.0 3331.7 $306.7 3193.3 3315.8 3243.2 $270.5 3270.5 $254.6 
Vol., cc. 466.8 457.6 462.7 458.9 459.8 444.4 449.3 455.5 453.8 451.1 
Casting plus Riser plus Ingate 
Green 
Wt., gms. 9444.0 9512.0 9437.2 9516.5 9489.3 9709.3 967.3 9741.0 9598.2 9843.2 
Vol., cc. 1308.5 1314.0 1308.9 1320.9 1341.7 1316.9 1339.2 1349.8 1323.3 1353.2 
Core 
Wt., gms. 9106.0 8938.2 8974.5 8956.3 8682.4 8940.4 8774.9 8878.6 8827.1 8806.7 
Vol., cc. 1258.2 1234.4 1243.1 1242.7 1216.0 1224.3 1217.7 1223.7 1224.5 1223.0 
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Fig. 3 — Plot of volume and weight of castings in green and core sand 
molds with different ferrosilicon and silicon 


inoculation (series 1). 











Fig. 4— Plot of volume and weight of castings in 
green and core sand molds with various inoculants 
(series 2). 


how increasing additions of the effective FeSi in- 
oculant increases the weight and volume of the bar 
casting in green sand because of the mold wall 
movement resulting from inoculation. The pure sili- 
con additions, however, do not produce much in- 
crease in the weight and volume of the castings in 
green sand. 

In this latter case, the increased mold wall move- 
ment with increased pure silicon additions are be- 
lieved to be the result of the larger amounts of 
graphitic carbon and eutectic from the increased 
silicon content. It has been shown previously that 
increasing graphitic carbon will increase mold wall 
movement.24 While silicon additions are not as 
effective in producing more graphite as carbon ad- 
ditions, calculations show that silicon additions of 
0.5 per cent can produce about 3.1 per cent increase 
in graphitic carbon in the larger amount of eutectic. 

Although an equal amount of silicon was added 
by two types of inoculants, ferrosilicon was more 
effective than pure silicon in increasing the silicon 
content of the melt in all cases. Little difference in 
mold wall movement existed between the inoculated 
and uninoculated castings poured in core sand. The 
castings inoculated with ferrosilicon were only slightly 
larger and heavier than those with similar pure sili- 
con additions. The weight and volume of casting and 
casting-riser combination actually decreased slightly 
with increasing amounts of both types of additions. 

It appears that a much more rigid mold of the 
core sand eliminates mold wall movement. The au- 
thors are not able to account at the present time for 
slight reduction in volume with increasing silicon 
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content. The lower weights of the higher silicon 
castings can be partially explained by its lower 
density. 


Increased Inoculation Effect 


The weight and volume of 2 in. square bar cast- 
ings produced in green and core sand in the second 
series of experiments are plotted in Fig. 4. The 


TABLE 6— WEIGHTS AND VOLUMES OF CASTING. 
RISER AND RISER AND CASTING COMBINED FOR 
GREEN CORE SAND MOLDS IN SERIES TWO 





Group Number 








1 2 3 4 
Casting 
Green 
Wt., gms. 5939.9 6082.9 6137.2 6441.1 
Vol., cc. 831.0 843.8 853.4 900.8 
Core 
Wt., gms. 5704.0 5717.6 5733.5 5772.1 
Vol., cc. 791.1 796.3 799.9 805.2 
Riser 
Green 
Wt., gms. 2311.1 2005.8 2186.4 2227.2 
Vol., cc. $19.5 274.1 $02.2 308.5 
Core 
Wt., gms. 2215.8 2274.8 2292.9 2218.1 
Vol., cc. 305.1 314.3 316.4 306.3 
Casting plus Riser 
Green 
Wt., gms. 8251.0 8088.7 8323.6 8668.3 
Vol., cc. 1130.5 1117.9 1155.6 1209.3 
Core 
WL., gms. 7919.8 7992.4 8026.4 7990.2 
Vol., cc. 1096.2 1110.6 1116.3 11115 
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TABLE 7— MECHANICAL AND 
METALLOGRAPHIC DATA 








Carbon Tensile Chill 
Inoculant, Equivalent, St., Cells/ Depth, 
Group % % psi Bhn~ = sqin. in. 
1 none 3.64 38,000 235* 629 — 
2 none 3.57 $9,800 241* 553 — 
8 0.15 Si 3.64 219 879 _— 
4 0.15 Si as FeSi 3.66 42,900 229 2082 = 
5 0.30Si 3.67 39,300 219 1000 — 
6 0.30 Si as FeSi 3.73 45,650 229 2190 - 
7 0.45 Si 3.73 38,200 217 1270 _ 
8 0.45 Si as FeSi 3.81 45,500 232 2310 — 
9 ‘0.60 Si 3.78 37,900 217 1857 — 


10 0.60 Si as FeSi 3.89 45,000 235 2660 — 

ll 0.50Si 4.00 25,600** 176 925 The 

12 0.50 Sias FeSi 3.97 28,700** 178 1510 He 

13. =: 0.50 Si as FeSi 4.01 29,600** 183 1810 Ke 
0.0063 Al 

14. 0.50 Si as FeSi 3.99 
0.0126 Al 


*Some free carbide. 

**Values somewhat lower than usually obtained for carbon 
equivalent listed. Lower results may be the result of anneal- 
ing effect of riser and central location of 0.505 in. diameter 
test bar. 


33,600** 186 2025 6 





graph shows clearly that increasing effective inocu- 
lation results in considerably greater mold cavity en- 
largement in green sand molds. Some increase in 
casting size and weight was also obtained in the core 
sand mold, but this stronger sand was much more 
capable of resisting this expansion. It is evident 


EUTECTIC CELL COUNT CELLS/IN? TENSE STRENGTH 10%Psi 


w 


° 01s Q30 0.45 060 
PERCENT Si ADDED 

Fig 5 — Plot of tensile strength, hardness and eutectic 

cell count vs. different pure silicon and ferrosilicon in- 

oculation treatments (series 1). 








that aluminum shot added with ferrosilicon in- 
creased the inoculating effect, since Groups 13 and 
14 show increasing volume and weight of casting 
as compared to Group 12. The aluminum recover- 
ies shown by chemical analysis of these heats at such 
low aluminum contents were rather erratic. 

The increased mold wall movement and _ larger 
apparent amount of shrinkage which occurs with 
inoculation indicates the influence of inoculation on 
the mode of solidification. The extent of mold wall 
movement is also influenced by a number of other 
variables such as temperature, composition and mold 
rigidity. There are indications that higher pouring 
temperature increases mold expansion in green sand 
but decreases it in dry sand;?1 higher graphitic car- 
bon increases mold expansion in green sand;23-24 
and a rigid mold tends to restrict mold expansion.?3 

A close control of these variables in Series 1 and 2 
has made it possible to sort out the influence of 
inoculation on mold expansion. In the first series, 
the Groups | and 2 were intentionally poured at 
2480 and 2580F. The weight of casting at higher 
temperature is higher in green sand mold but is 
lower in core sand mold (Table 5). The pouring 
temperatures in this series varied between 2510 and 
2540 F, and the carbon equivalent changed between 
3.57 and 3.89 per cent. 

The effects of these variations are evident in the 
scatter on plot of inoculation against mold expan- 
sion (Fig. 3). In the second series, carbon equivalent 
was controlled closely but temperature dropped by 
about 30F from Groups 11 to 14. This, however, 
did not interfere with a precise correlation between 
inoculation and mold expansion (Fig. 4). 


Tensile Strength, Bhn and Cell Count 


The tensile strength, Brinell hardness number, 
number of eutectic cells/sq in. on the 1.2 in. bar 
specimen and chill depth are shown for each group 
of castings in the first and second series of experi- 
ments in Table 7. The tensile strength, hardness 
and cell count have been plotted versus the inocu- 
lation treatment in Fig. 5 for the first series and 
in Fig. 6 for the second series. It is evident that 
increasing amounts of such effective inoculants as 
ferrosilicon with appreciable aluminum and calcium 
and additional aluminum added with ferrosilicon re- 
duce the cell size significantly. 

However, pure silicon is not an effective inocu- 
lant because it does not influence the cell size appre- 
ciably. Typical uninoculated and inoculated eutectic 
cell distributions are shown in Fig. 7 at three and 
nine diameters (note scale of in. in this figure). 
The cells have been outlined slightly in the 3X photo- 
graph so that they may be more clearly distinguished. 
Effective inoculation in both series of experiments 
increases the tensile strength. This influence of effec- 
tive inoculation is a well established fact in the 
literature. 

However, no improvement is obtained with sili- 
con additions in excess of 0.30 per cent silicon as 
ferrosilicon in the first series. The addition of alu- 
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EUTECTIC CELL COUNT CELLS/iN? 


Fig. 7 — Typical cell size without and with inoculation. 
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minum with ferrosilicon results in a significant im- 
provement in strength. The addition of pure silicon, 
however, slightly lowers strength, presumably because 
it raises the carbon equivalent and amount of graph- 
ite. The strength results on the second series are 
somewhat lower than usually obtained for this carbon 
equivalent. This lower strength may be caused by the 
annealing effect of the riser located near the end of 
the bar from which the 0.505 in. diameter test bar 
was removed or by the central location of this bar. 


All bars were entirely free of shrinkage. The 
hardness is slightly increased with increasing amounts 
of effective inoculants. The anticipated reduction of 
the depth of chill obtained by effective inoculation 
is shown for the second series of experiments in 
the data of Table 7 and Fig. 6. 


The type of graphitic structure varied with in- 
oculation as was anticipated from the eutectic cell 
size. In the first series of experiments the initial 
graphitic structure of Groups | and 2 before in- 
oculation was Type D with some free carbide. Inocula- 
tion with both pure silicon and ferrosilicon elim- 
inated the free carbide. The pure silicon converted 
the Type D graphite to Types A and B. The ferro- 
silicon changed Type D to Type A with only 0.15 
per cent silicon added. 


Larger amounts of silicon as ferrosilicon resulted 
in a thicker, coarser and shorter graphite with a 
small eutectic cell size. In the second series, Group 11 
has a mixture of Type A and Type B graphite. 
Groups 12, 13 and 14 had Type A graphite with 
flake size becoming coarser, thicker and shorter with 
increasing inoculation. 


GENERAL DISCUSSION 


Further experimentation is in progress in this 
investigation to establish the reasons for the in- 
creased mold wall movement resulting from inocu- 
lation. The authors appreciate that the conclusions 
made were reached with a limited number of cast- 
ings. However, the correlation of the data were ex- 
cellent. It is the opinion of the authors that the 
influence of inoculation on the solidification mechan- 
ism provides the explanation for this effect. Inocu- 
lation, as previously stated, reduces undercooling,? 
and has also been shown to increase the time re- 
quired for eutectic solidification. 25 


Both these factors tend to reduce the thermal 
gradients in the cross-section of the solidifying cast- 
ing. When these lower thermal gradients occur in 
the presence of a larger number of effective nuclei, 
the result is a greater depth of partial eutectic solidi- 
fication from a greater number of locations. In 
other words, the solidification becomes more mushy 
as a result of nucleation, and a mixture of solid 
and liquid iron extends to a greater depth into the 
casting. More mushy solidification requires a longer 
period for the formation of a solid metal skin on 
the casting. 


The presence of a solid skin tends to reduce 
the mold wall movement, by increasing the resistance 


of the casting to deformation under the internal 
pressure of late eutectic solidification. Accordingly, in- 
oculation, by delaying the formation of a solid skin 
to a later period during solidification, makes the 
casting less resistant to internal pressures and hence 
more susceptible to mold cavity expansion. 


Internal Pressure Increase 


It is also believed that inoculation tends to in- 
crease the amount of internal pressure during eutec- 
tic solidification as well as making the casting less 
able to withstand this pressure. This latter effect 
may be explained as follows. The eutectic solidifi- 
cation in gray iron takes place by nucleation and 
growth of spheroidal shaped eutectic cells which 
continue to grow until they impinge upon one 
another. Graphite is precipitated during eutectic 
solidification, and because of its low density, the 
solidified eutectic with normal silicon contents has 
a larger volume than that of the liquid from which 
it forms. 


This situation creates internal pressure acting on 
the casting walls. A part of this pressure is relieved 
by filling any internal cavities and through the riser 
in form of exudation, while the rest is relieved by 
the movement of the casting wall. When the casting 
is quite rigid, as in dry sand mold, the exudation 
in the riser becomes clearly visible, as shown in 
Fig. 2. The magnitude of internal pressure becomes 
particularly large during last stages of eutectic solidi- 
fication. At this instant, eutectic cells have impinged 
on one another and some liquid is trapped between 
them. 


Because of their greater surface area per unit 
volume, the smaller cells entrap larger quantities of 
liquid and restrict the movement of this liquid into 
the more liquid portions of the casting. In addition, 
a more mushy mode of freezing results in a wider 
region in which simultaneous liquid entrapment oc- 
curs. Graphitization of entrapped liquid exerts a 
pressure by means of expelled liquid iron on the 
solidified eutectic cells that tends to exert a pressure 
on the mold wall and be relieved by the movement 
of the wall. Finer eutectic cells and greater depth 
of solidification result in greater amount of entrap- 
ment, and reduction in the opportunity for the 
expelled liquid to purge back into the riser. 


Plastic Movement of Skin 


This process of liquid entrapment and _ pressure 
exertion occurs continuously along the advancing 
solid-liquid interface. Soon after the solid skin is 
formed on the surface of the casting, internal pres- 
sure may be relieved by plastic movement of the 
skin; but as the solid-liquid interface gets further 
from the casting surface, the skin becomes thick, and 
the opportunity for such pressure relief becomes in- 
creasingly difficult. Thus, a higher internal push in in- 
oculated iron may be attributed to mushy manner 
of freezing as well as high eutectic cell count. 








Since the initial work26 that demonstrated the 
significant effect of mold wall movement on the 
size of the apparent shrinkage voids in gray iron, 
other investigators have shown how the amount of 
the mold cavity enlargement was influenced by 
foundry variables. A summary paper?7 has reviewed 
the variables reported to affect mold cavity expansion 
occurring in gray iron. The amount of volumetric 
enlargement of the mold cavity can attain values of 
up to 10 per cent, or can be under one per cent 
in some cases depending on metal and mold 
variables. 

The increase in casting volume and larger feed- 
ing metal requirements produced by effective inocu- 
lation will, therefore, vary widely with casting con- 
ditions. With the proper type of green sand mold, 
the increased amount of feed metal necessary for 
sound castings can be minimized. Feed metal re- 
quirements can even be reduced by mold wall move- 
ment. Some evidence exists!® that the mold cavity 
can be decreased during pouring and solidification 
in chunky dry sand molds or when extensive cores 
are employed. 


CONCLUSIONS 


The increased shrinkage and riser requirements of 
inoculated hypoeutectic gray iron, compared to un- 
inoculated gray iron when poured into green sand 
molds, are caused by greater mold wall movement. 
The increase in mold wall movement becomes larger 
with increasing amounts of inoculants. The amount 
of this mold cavity enlargement is much greater than 
can be accounted for because of the increase in car- 
bon equivalent and amount of eutectic graphite ac- 
companying inoculation. 

A baked core (dry sand) mold is sufficiently rigid 
to restrict greatly or eliminate any increase in mold 
wall movement resulting from inoculation. 


Ferrosilicon containing appreciable aluminum and 
calcium contents or aluminum metal added with 
ferrosilicon are effective inoculants of hypoeutectic 
gray iron as determined by eutectic cell size reduc- 
tion, increase in tensile strength and reduction of 
chill depth. Commercially pure silicon is not an 
effective inoculant. 


It is hypothesized that inoculation increases mold 
wall movement by causing a more mushy-type of 
solidification combined with a finer eutectic cell size. 
This combination produces a greater eutectic graph- 
ite push against a casting wall that is weaker for 
longer periods; thereby causing further outward 
movement of the sides of the casting. 
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SYSTEMATIC APPROACH T0 
SAND DESIGN AND CONTROL 


by A. H. Zrimsek and G. J. Vingas 


ABSTRACT 


Foundry sand technology today lacks the ability to 
assign numerical values which can accurately describe 
sand quality and condition. Sand test values serve 
only as quality control tools. Present knowledge is so 
limited as to prohibit the use of numerical values as a 
basis for sand design. Sand design through application 
of engineering principles can come about only after 
systematic analysis of all variables is completed and 
tabulated. 

This paper, which is the first of a series of papers 
dealing with basic properties of the various sand addi- 
tives, dwells upon the major variables encountered in 
simple clay-sand-water systems. Subsequent papers 
will deal with the function of cereal, seacoal, wood 
flour, dextrene, etc., in foundry sands. Periodically, 
papers demonstrating the significance or insignificance 
of test results with casting results will be released. 
It is hoped that the series, when complete, will have 
provided the basics required for engineering foundry 
sands. 


INTRODUCTION 


A general lack of basic principles, concepts and 
especially data has prevented the treatment of found- 
ry sands as an engineering material. A point has al 
ready been reached where improved molding ma- 
chines and molding methods have surpassed the abil- 
ity of our present sands to perform satisfactorily. De- 
sign of sands that can match the performance of these 
new machines has been reduced to a hit and miss 
proposition rather than elevated to an engineering 
problem. 

This is just one of the problems confronting us. Not 
only are we unable to design sands because of the 
lack of principles and data, but we have difficulty 
interpreting and utilizing the test data that we ac- 
cumulate during the routine quality control process. 
This is reflected daily in the rather high scrap rate 
encountered in most foundries. Steel foundries on the 
average scrap 40 to 50 castings per 1000, and weld 
over the defects on another 300 to 600. 

About 40 per cent of the labor dollar in the aver- 
age steel foundry is spent in the cleaning room. Al- 
though iron foundries scrap from 15 to 100 castings 
per 1000, their repair costs are negligible. Never- 
theless, a good portion of the cost dollar can be traced 
to the cleaning room. 

Although many would try to minimize the con- 
tribution of sand to casting defects, faulty sand de- 
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sign and control must accept responsibility for a good 
share of the difficulties. However, we are not pres- 
ently in a good position to improve the situation. 


Terms Used Today 


Despite the reams that are published yearly relative 
to green sand practice, little data have been accumu- 
lated which will place foundry sands in a position of 
being an engineering material. The literature is full 
of ambiguous terms such as flowability, to temper, 
adequate mulling and silky feel. These terms have 
gained acceptance for lack of a better method of 
describing the many sand properties which we have 
been unable to describe with numerical values. 

Unfortunately, there is little agreement among 
foundrymen as to the meaning of these terms. Nu- 
merical description of foundry sands is not only de- 
sirable but a necessity if progress in green sand prac- 
tice is to take place. 

There is growing sentiment among foundrymen that 
the present testing methods completely lack the abil- 
ity to supply comprehensive data, and that new test 
methods and equipment must be designed. The au- 
thors feel that this sentiment is a bit premature, and 
that before abandoning the present procedures their 
case should be heard. It is felt that one point data 
are valueless, and that any research study on sands 
must be based upon systems which include combina- 
tions of variables encountered in normal foundry 
practice. 

With the notable exceptions of the early works of 
Grimm, Briggs and Davies, little information dealing 
with foundry sands as systems is available in the lit- 
erature. Despite the excellence of these early works, 
few foundrymen are familiar with them. Perhaps they 
were ahead of their time and are not readily avail- 
able to the current crop of sand technicians. The 
authors are currently engaged in an ambitious re- 
search program which will cover and greatly expand 
upon the findings of these earlier works. 


Studies to Be Made 


All told, between 1500 and 2000 sand mixes will 
be studied. The variables to be considered will be 
clay content and type, water content, cereal, seacoal 
and wood flour content; combinations of clay and 
additives; mulling time, ramming effects and sand 
fineness. Properties tested are green compression, 
shear and tensile, rammed density, dry compression 
and shear. This initial research will be followed by 
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TABLE 1— SCREEN ANALYSIS OF 
BASE SAND USED 








U.S. Standard Retained, 

Sieve No. % 
SRR, Aa es 0.0 
Ss ca ia oi wucecen ee ee 2.6 

i «. , ar tbeedic gai ie mae acc, Seal 19.3 

Te aaa eer Me dee SRR LS. 30.1 
cane Wie eiue Siete ert en 24.4 
RSs 2.2, betes ee oe ek ee 15.1 
RBI, Sree et RS a Re 56 
RE its. hd oan Goch, on Serene ee 2.4 
BN wask's's ks Wee hae be ete ae 0.6 





mold production by conventional and high pressure 
methods for possible correlation with test results. 

Since the desired result of any sand research pro- 
gram is improved casting results metal will be cast 
in the multitude of molds produced, and possible cor- 
relation between casting results and sand test data 
will be checked. As the data are accumulated and 
evaluated, the number of sand tests will be broad- 
ened or narrowed as dictated by correlation with 
either molding or casting results. 

This report, the first in a series, deals with clay- 
sand aggregates. Clays studied were western and south- 
ern bentonites and fire clay. Only green properties 
are covered by this report. 


EXPERIMENT 

In the initial phases of the work a single base sand 
is used. Its description is shown in Table 1. The great 
bulk of data thus far collected were obtained from 
sands mulled in an 18 in. laboratory muller. With 
this muller, a batch size of 4000 grams of sand was 
used. Clay additions of 4.75 per cent, 7.45 per cent or 
10 per cent for the bentonites were added to the dry 
sand, and 10 per cent and 15 per cent for the fire 
clay. 

The mixture was dry mulled 15 sec, and water was 
added and the mixture wet mulled for intervals 
of 2, 4, 6 or 8 min. The mulled sand was placed in 
airtight plastic bags and green testing done imme- 
diately. Departures from this procedure are noted 
in the following sections. 


RESULTS 


Because of the large volume of data collected, re- 
sults are shown for the most part in graphical form. 
The great majority of data collected are depicted in 
Figs. 1-9. To avoid confusion, some data, especially 
tensile, is not shown, and its omission is noted and 
mentioned in the discussion section. 


DISCUSSION 

The advantages of studying foundry sands as sys- 
tems, rather than on the basis of one-point isolated 
data, becomes obvious when data are assembled in 
graphical form as in Figs. 1-8. Not only does pres- 
entation of data in this manner allow determination 
of physical property trends with changes in variables, 
but it also allows the determination of the relation- 
ships between the various properties. 

To derive full value from the data presented, the 
reader must first take a broad view over all the sys- 
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tems and then progress to narrower fields of exam- 
ination. In looking over the data, it is immediately 
apparent that in simple clay-sand-water systems phys- 
ical properties change rapidly with only small changes 
in water content. This is true regardless of which 
clay is studied or what mulling time or ramming en- 
ergy is employed. 

This is a display of one of the major shortcomings 
of clay materials. Their extreme sensitivity to small 
changes in water content almost prohibits any pos- 
sibility of adequate control over simple clay-sand-wa- 
ter combinations. 


Bentonite Mulling Characteristics 

‘A second general observation that is readily made 
is that mulling must be considered a major variable 
in any system. Western bentonite is especially critical 
to changes in mulling. There is, in fact, a major dif- 
ference in the mulling characteristics of western and 
southern bentonite. The effect of mulling on phys- 
ical properties of foundry sands is a subject which is 
covered only lightly in the literature. Normally sand 
research is carried out under mulling conditions which 
are termed adequate. 

A comparison of Figs. 4 and 5 shows that the dif- 
ference in mulling characteristics of western and 
southern bentonite does not allow a comparison of 
the two materials on a basis of a single mulling time 
simply described as adequate. At this early stage of 
the project, the authors are hesitant to discuss the 
term adequate mulling. 

The term cannot be defined in terms of minutes 
mulling, but must ultimately be defined as the mulling 
time required to bring a particular combination of 
sand, water and additives to a condition that will 
produce the best molds and, of course, the best cast- 
ings. At this stage it cannot be assumed that this 
condition is obtained only (if at all) through ex- 
tensive mulling. 


Variable Mulling Cycles 

Further study of the systems obtained by variable 
mulling of the 7.4 per cent western and southern 
bentonite mixes brings out several interesting items. 
As mulling time is reduced, points of maximum com- 
pression and shear and minimum rammed density 
are shifted to higher water contents. Although the 
maximum compression and shear values obtained are 
substantially reduced by short mulling, the minimum 
rammed density obtained is unaffected although 
shifted to higher water contents. 

Whether bonded with western or southern ben- 
tonite, the effect of mulling changes on physical prop- 
erties of sands is reduced as water content is in- 
creased. The commonly accepted idea that southern 
bentonite imparts higher green compression strength 
than western can be traced directly to the differ- 
ence in mulling characteristics of the two materials. 
Actually, western imparts higher compression at both 
high and low water contents if mulling is extended 
to extremely long periods, as shown by the supple- 
mentary data in Table 2. 

The futility of measuring flowability by methods 
which are based on comparison of rammed densi- 
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Fig. 9 — Example 
of sands bonded 
with 10 per cent 
western bentonite 
possessing predict- 
able and unpre- 


dictable tensile 
strengths. Tensile 
strengths of sand 
at right are erratic 
beyond 3 rams. 





GREEN TENSILE STRENGTH - PSI 


wea HyO- 3.2% 
rr a a d 
NUMBER OF RAMS 














TABLE 2 





Mulling time effect on 3 ram green compression strength of 
sand bonded with 7.4% western bentonite, 2.6% H,O. 





Mulling Time, GCS., 
min psi 
SRR A aaseie raat ar 8.2 
bigs Aish yan ca teins sae aia 14.0 
_ PERCEPT ORC TUE CT tree 18.8 
SR errr ee 25.2 





ties between the fourth and fifth ram is shown by 
the data. If the point of minimum density is con- 
sidered the most desirable temper point, it is seen that 
the change in density between four and five rams, or 
one to ten for that matter, is equal for both western 
and southern at each clay content, and that mulling 
time does not affect the relationship. 

Fire clay at 15 per cent and 10 per cent resembles 
bentonites at 7.4 per cent and 4.75 per cent, respec- 
tively. Since all density lines at a given clay content 
are parallel for all water contents beyond the min- 
imum point, flowability measurements based on ram- 
med density comparisons will remain constant as 
water content is increased. Flowability would also be 
independent of mulling. This is not consistent with 
the experience of most foundrymen. 


Green Strengths Ratio 

The reader will notice that the ratio of green com- 
pression to shear strength at three rams has been in- 
cluded in the graphical representations. The exact 
significance of this ratio is, at this time, not com- 
pletely understood. However, it can be said that gen- 
erally a high ratio indicates a brittle and flowable 
sand. This is an observation that is not only sub- 
stantiated by the data presented, but by measure- 
ments made in many iron and steel foundries. 

Steel foundries, for example, work with sands that 
have a compression to shear ratio of between 2.5 and 





3.0. Steel foundry sands are quite gummy. Iron found- 
ries, on the other hand, use sands that are quite 
brittle in comparison. The ratio normally encountered 
there lies between 3.75 and 4.5. The ratio is inca- 
pable, in its present form at least, of detecting any- 
thing other than gross changes in feel. 

It does not, for example, describe the difference in 
plasticity of low and high clay contents or the dif- 
ference in plasticity imparted by bentonites and fire 
clay. For clay-sand-water systems, the point of mini- 
mum density falls with fair consistency at a water 
content at which the ratio is approximately 3.25-3.5. 
Increased clay content allows production of sands 
with increased green compression strength while main- 
taining plasticity. 

It is possible, for example, to obtain a three ram 
compression of only 7.8 psi at a ratio of 3.25 at 4.75 
per cent western bentonite. At 7.4 per cent and 10 
per cent western bentonite, compression values of 13 
psi and 16 psi, respectively, are obtained at the 3.25 
ratio. This comparison might be construed to mean 
that the compression to shear ratio can be used as 
a tool for proximate analysis of clay content in 
foundry sands. 

The reader will, of course, wish to draw his own 
conclusions from the data presented, but is cautioned 
not to jump to hasty conclusions or form firm opin- 
ions until the work progresses and is reported in 
subsequent progress reports. The object of the series 
is to present data and concepts which are not only 
basically sound, but which also will find practical 
foundry application. 


Tensile Data 

In the plots of tensile data, only data which 
showed progressively higher values as ramming in- 
creased from one to ten rams are included. Where 
data for the higher ramming energies are omitted, 
values became erratic and unpredictable. In Fig. 9 a 
sample of the predictable and unpredictable values 
is shown. Until molds and castings are produced, the 
authors will reserve judgment as to whether unpre- 
dictability is a sign of over-ramming and coincident 
witu oroken molds and casting defects. It is appar- 
ent, however, that low clay content and low water 
coutent contribute significantly to the unpredictabil- 


ity. 
CONCLUSIONS 


The authors do not wish to draw any firm conclu- 
sions at this point of the project. The reader is re- 
minded that this is a progress report, and that the 
data presented are only a small fraction of the total 
to be presented. 
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PRECISION CASTING MOLD MATERIALS 


ABSTRACT 


Various types of inorganic binders are discussed with 
particular emphasis on their chemical formation and 
high temperature properties. Differential thermal analy- 
sis is valuable in the determination of baking tempera- 
ture required to eliminate refractory composition gas- 
eous products. Mold dimensional stability is determined, 
for the most part, by aggregate characteristics, with 
some contribution from the binder (which depends 
on the original mix bond and liquid percentage). 


INTRODUCTION 


Any precision casting investment material must 
have the following desirable characteristics: 


1) Sufficiently high temperature stability to with- 
stand contact with metal at the pouring temper- 
atures involved. 

2) Ability to harden or set from a workable pour- 
ing consistency in a controlled period of time. 

3) Simplicity in compounding, mixing and pouring 
operations. 

4) A minimum of dimensional change during the 
setting, curing and pouring cycles, or at least a 
constant and reproducible change. 

5) Economically practical. 


HIGH TEMPERATURE MOLD MATERIALS 


The materials used for the casting of the various 
types of irons, steels or the other types of metals 
such as titanium or zirconium will be considered in 
this high temperature category. 

There are many aggregates which will stand the 
temperatures involved in these types of castings in- 
cluding silica (SiO,, 3130 F), alumina (Al,O,, 3720 F), 
chrome oxide (Cr,O,, 4410 F), magnesia (MgO, 5070 
F), zirconia (ZrO,, 4870 F), mullite (3Al,O, + 2SiO,, 
3290 F), forsterite (2MgO+ SiO,, 3434F), zircon 
(ZrO.+ SiO,, 4532 F), calcined clays (3200 F), spinel 
(MgO: Al.O,, 3875 F), or if one wishes to consider 
materials other than oxides there are at least 14 
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nitrides with melting or decomposition temperatures 
above 3000 F and 16 carbides in the same category. 

Unfortunately, one must consider many factors 
other than melting point when selecting an aggre- 
gate for a precision casting material. 


Thermal Expansion Characteristics 


Does the material have a smooth thermal expan- 
sion curve, or does it pass through crystal inversions 
on heating which may tend to cause cracks in the 
mold resulting in casting defects? This tendency is 


‘particularly exaggerated in larger molds where the 


temperature gradients involved in the curing proc- 
ess are large. For this reason, in recent years the 
tendency has been to replace the silica type ag- 
gregate (Fig. 1) with the materials which have a 
uniform thermal expansion curve being preferred. 
Materials such as the alumino-silicates, alumina, zir- 
con or the noncrystalline low expansion aggregate 
such as silica glass are often used. 


Availability in Proper Particle Size Ranges 


If a material is not available in the proper size 
ranges there is no need to consider it further. This 
eliminates many of the synthetic materials such as 
the carbides, borides or nitrides. Particle size dis- 








TEMPERATURE °F x 100 


Fig. 1— Thermal expansion of various forms of silica. 
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tribution and the packing of particles is overlooked 
much more than it should be in the fabrication of 
mold materials. 

The aggregate is the best part of any investment 
mold. Most of the troubles come from the bonding 
material. It makes sense that the smaller the per- 
centage of bond material and the lower the per- 
centage of liquid required to produce a pouring 
mix, the less will be such variables as shrinkage 
during curing, setting expansion or shrinkage, re- 


reproducibility of dimensions and casting defects.. 


Again this problem is minimized with small castings 
and magnified in large ones. 

In single size component systems the voids may 
be 45-50 per cent, in two sized component systems 
35-40 per cent (Fig. 2) and in three sized compo- 
nent systems approximately 22 per cent (Fig. 3). 
Since all voids must be filled with binder and wa- 
ter to produce a pouring mix, and these are the 
components which must be later removed by drying 


Fig. 3— Packing diagram for ternary 
mixtures. 





Medium | 


Fig. 2 — Packing diagram of two component system. 
H represents actual curve of apparent volume. G repre- 
sents shrinkage of volume during mixing. 


or stabilized by some heat treatment with the result- 
ing dimensional change, the smaller the amount re- 
quired the better. 

Data on ethyl silicate-silica investments show that 
the particle size distribution of the aggregate which 
produces the closest packed system requires the least 
silicate solution and produces the greatest strength. 


Thermal Conductivity 


Thermal conductivity of precision casting mold 
materials is of great importance, much more than 
people realized a few years ago. The relationship be- 
tween hot tearing and cooling rate has been 
pointed out by Christopher.1 The use of investment 
type mold materials in cores or restricted sections 
would have been thought impossible a few years 
ago, due to the high hot strength of these materials 
as compared to the conventional types of dry or 
green sand molds. 
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Surprisingly these materials produce sound cast- 
ings, and often these materials enable the foundry- 
man to produce castings impossible by any other 
method. This is due to the much lower thermal 
conductivities of the investment type materials as 
compared to sand molds. This, in turn, results in 
a lower thermal gradient within the metal section 
resulting in less stress. The great difference is shown 
by the following data for two types of mold ma- 
terials, dry sand and an ethy! silicate bonded invest- 
ment. 








K Freeze 
cal/sec/fem/C C, p Time 
Perro es 0.0037 0.28 1.5 1 


Ethy] Silicate Investment. . .0.0009 0.18 1.5 5.7 





It is due to this 6-fold decrease in the freezing 
time of the metal, with the resulting lowering of 
temperature and stress gradients within the metal 
during the “slushy” solidification stage, that makes 
possible the production of castings in investment 
materials not otherwise possible in conventional sand 
molds. : 

Figure 4 graphically illustrates this effect for a 
sphere of varying diameter and also illustrates the 
advantageous effect of pouring molds hot other 
than to prevent misruns. 


HIGH TEMPERATURE BINDERS 


Ethyl Silicate 


The esters of silicic acid were the first organic 
silicon compounds to achieve importance. Mono- 
meric ethyl] silicate and its polymers are now large 
tonnage industrial chemicals manufactured by a con- 
tinuqus process by reaction between sjlicon tetra- 
chloride and ethanol. The ability of ethyl silicate to 
deposit silica from solution makes it useful not only 
in the precision casting field but as impregnants or 
adhesiyes in other areas. 

There are three types of ethyl silicates available; 
the tetraethyl orthosilicate (C,H,O),Si(28% SiO,), 
condensed ethyl silicate (28% SiO,) which is a mix- 
ture of the tetraethyl orthosilicate with some poly- 
silicates and ethyl silicate 40 which is a mixture of 
polysilicates. Its name arises from the fact that it con- 
tains approximately 40%, SiO,.2 Because of the lower 
cost per unit of available SiO, the condensed and ethyl 
silicate 40 are used in the precision casting field. 

The steps necessary in the use of ethyl silicate for 
precision casting binders have been described.? The 
exact techniques used probably vary with each in- 
dividual manufacturer, thus the procedures de- 
scribed must be taken as general, not specific. 

Assuming ethyl silicate 40 is used as the starting 
materials, one must hydrolyze this solution and 
cause it to react with water in order to produce a 
solution which will deposit the adhesive form of 
silica desirable for the bonding of refractory aggre- 
gates. 
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Fig. 4 — Freezing time of sphere. 


The hydrolysis reaction may be written as follows: 


OC,H, OC,H; OC,H; OCH; 
| | 
C2H,0 — Si —O — Si —O —Si—O — Si— OC, H; + 12H,0 (HCl) > 


| | | | 
OCH, OC,H; O OCH; 
OC,H; — Si— OCH; 


OC2H; 


OH OH OH OH 


| | | | 
HO — Si — O —Si— O —Si— 0 —Si— OH + 12C,H,OH 
| | | | 


OH OH oO OH 
| 
OH — $i—OH 
| 
OH 


To bring out this hydrolysis the following mix- 
ture is recommended: 


Ethyl Silicate 40, % ....... 37.6 (volume) 
190 proof ethyl alcohol, % . .59.8 
eo Serr 2.6 


Anhydrous Solution 


This mixture should be allowed to stand with oc- 
casional agitation for at least 2 hr before use to 
insure complete hydrolysis. This is called an “an- 
hydrous” solution since only enough water has been 
added to complete the hydrolysis process. Such solu- 
tions are stable and may be stored for reasonable 
periods without deterioration or gelling providing 
excessive evaporation of the alcohol is prevented. 

There are many ways which may be used to pro- 
mote gelling of the anhydrous solution, and all de- 
pend upon pH control and the addition of excess 
water. The pH of the anhydrous solution approaches 
1-2. As the pH is raised the gelling or set time will 
be decreased. At a pH of 6 the gelling time must be 
60-90 sec. 
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Fig. 5 — Differential thermal analysis of silica — ethyl 
silicate mixture. 


For a desired setting time of 50-60 min the fol- 
lowing mix is recommended: 


RR UD «is oo: « pid nai oo 54549 99.6 
EE debits wh RN oi 5404's Seaen a 0:4 
100 vol. anhydrous solution 

EEE Fn bxavng sper exnes owes 21.0 


In this instance the MgO acts as a neutralizing 
agent for the HCl, gradually raising the pH and 
causing the precipitation of Si(OH), and the gell- 
ing of the mixture. Because of the action of the 
MgO, care must be taken to insure its even dis- 
tribution in the mix, otherwise hard and soft areas 
will appear in the mold. 

The percentage of the anhydrous solution used 
varies widely. For maximum strengths the maximum 
amount should be used with little or no water 
added, and the setting time controlled by the ad- 
dition of salts of strong bases and weak acids. In 
cases where small castings are being made in flasks 
with wax patterns high strengths are not necessary 
and dilution with water and slow setting times are 
desirable. For larger castings where patterns must 
be drawn from precision molds, often with back- 
drafted rubber patterns, high strengths and shorter 
setting times are desirable and necessary. 


Setting Time Control 


As -indicated previously the setting time is easily 
controlled by the addition of salts of strong bases 
and weak acids. NaOH and Na,CO, may be used 
but are rather difficult to control. Ammonium salts 
are more easily controlled such as NH,OH, 
(NH,),CO, or the ammonium-organic salts such as 
the amines may be used. This is a basis on which 
patents have been issued on the Shaw process. 

Some of the materials suggested are piperidine, 
morpholene or triethylamine. Percentages recom- 
mended vary depending upon type of aggregate, 
previous dilution of the anhydrous solution, mix- 
ing time required, working time desired and other 


unknown factors, but the percentages of the amines 
used varies between 0.1 and | per cent by volume 
based on the volume of the anhydrous silicate so- 
lution. 

During the setting process it is desirable to vi- 
brate in order to release trapped air bubbles as 
well as to pack the aggregate into its most dense 
arrangement with a minimum of bond thickness 
between grains. 

Since the fine particle size investment with the 
precipitated bond between grains has a low perme- 
ability, precautions must be taken to insure proper 
curing of the mold previous to metal-mold contact. 
Here again requirements vary depending on pouring 
temperature, casting section and mold section. 

For small castings using permanent patterns igni- 
tion of the alcohol immediately after the pattern is 
stripped is sufficient. The burning of the acohol on 
the mold surface generates sufficient heat to dehy- 
drate the silica bond and remove any water from 
the mold surface. Certain claims are also made 
that this burning-off process also creates a fine crack 
pattern which increases the permeability of the 
mold allowing for the escape of gases when the 
metal enters: the mold cavity. 

For “lost wax” patterns such a procedure is not 
possible since the pattern must be removed by heat- 
ing, the wax burned off and the mold surface de- 
hydrated. 

The thermal analysis curve (Fig. 5) for a ethyl 
silicate bonded aggregate probably gives the best in- 
dication of what occurs when such a material is 
heated. This curve shows an endothermic peak at 
approximately 212-230F due to removal of excess 
water from the mold. This is followed by an exo- 
thermic reaction due to the burning of the alcohol. 
Superimposed on this reaction is another unknown 
reaction taking place at approximately 932 F. At 
800 C (1472 F) all reactions are completed and no 
further change takes place. The aggregate is now 
bonded with SiO,, stable up to temperatures ap- 
proaching its melting point of 1710C (3110F) or 
lower depending upon the type of aggregate used 
with it. 


PHOSPHATE BINDERS 


A number of phosphates have been used for the 
bonding of refractory aggregates including the alu- 
minum, calcium, magesium, zinc and lead phos- 
phates. The one of most interest to the precision 
casting process is the magnesium phosphate bond. 

This bond may be formed simply by the reaction 
between MgO and H,POQO,. 


3MgO + 2H,PO, + H,O > Mg, (PO,),. * 4H,O 
Due to the industrial hazard involved in using 
phosphoric acids other phosphates are used such 
as di-hydrogen ammonium phosphate. 
MgO + NH,H,PO, + 5H,O ~ MgNH,PO, : 6H,O 


This reaction governs the setting of phosphate in- 
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Fig. 7— Thermal expansion of _MgO—(NH4)3P04— 
SiOz refractory. 


vestments. The setting time is controlled by the 
grain size, surface area and degree of calcination 
of the MgO. Because of this controllable feature the 
manufacturer may vary the setting time. Most com- 
mercial phosphate bonded investments have setting 
times of 15-30 min. Boric acid acts as a retarder, 
0.25 per cent will double the setting time. 

The usual cormmercial phosphate binders contain 
approximately 41% MgO, 59% NH,H,PO,. The in- 
vestment composition would approximate: 


PED p< sccncevascokesnenas 80 parts 
Ra I Steed AN Regan yy 20 
ee a oe ae 15-25 


Since these materials are sold compounded ready 
to mix with water, their use is simple and _ fool- 
proof. 


Curing of Phosphate Bonded Investments 


After the set the mold is cured by heating. The 
magnesium ammonium phosphate bond which is hy- 
drated must be decomposed to the pyrophosphate 
bond before pouring the metal. 


2MgNH,PO,-6H,O > Mg,P,0, + 13H,O } + 2NH, ¢ 


The differential thermal analysis curve (Fig. 6) 
for such a bond indicates two main endothermic 
peaks at 230 F and 527 F which are due to the re- 
moval of water and ammonia, respectively. Indica- 
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Fig. 6 — Differential thermal analysis of silica — 
MgNH4P0O,4 *6H2O mixture. 
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tions are that such molds baked at 600C (1100 F) 
should contain no gaseous products. 

At 2510 F, Mg,P,O, decomposes to release P,O, 
gas. This is the upper limit for the use of this bond 
and accounts for the rough surface which is sometimes 
experienced when using this type of material for 
metals with pouring temperatures in the 2500F 
region. 

The thermal expansion of the magnesium ammo- 
nium phosphate type of investment is shown in Fig. 
7. It should be noted that shrinkage occurs in the 
region where the ammonia is being evolved from 
the bond. Following this shrinkage an abrupt rise 
in thermal expansion occurs in the temperature re- 
gion where a crystalline inversion takes place in the 
silica aggregate. This abrupt rise would be absent 
in a material containing an aggregate such as Al,O,, 
as shown in Fig. 8. 


CALCIUM ALUMINATE CEMENTS 


There are two calcium aluminate compositions, 
CaO: Al,O, and CaO-2Al,O, stable at 1600C 
(2912 F) and 1720C (3128 F), respectively. Both of 
these materials are hydraulic setting, and may be used 
as bonding materials for other refractory aggregates. 

The CaO-2Al,0O, composition, although it has 
the higher melting point which is desirable, has 
some undesirable features, particularly its slow set- 
ting time and low strength development for the 
time involved in normal foundry mold production. 

The CaO- Al,O, composition has fast setting char- 
acteristics and develops excellent strength in short 
periods of time. The setting time is controlled by 
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Fig. 9 — Setting time of CaO * AloOg refractory. 
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varying the temperature of the ingredients before 
mixing, particularly the water temperature (Fig. 9). 

A typical mix using calcium monoaluminate is as 
follows: 


PND sii pa'oeiad whens wale 60-80 parts 
ROE hin 5s deve nnenaia 20-40 
EY babi at kite adi be gk weet 30-50 


The setting of calcium aluminate cements is not 
unlike cements of the Portland type. It is a reac- 
tion with water which produces a gelation and hard- 
ening. 

The differential thermal analysis of the set CaO- 
Al,O, previously dried at 212 F is shown in Fig. 10. 

The thermogram indicates that there are prob- 


Fig. 8— Thermal expansion of MgO—(NH4)3P04— 
AloOg refractory. 





WATER TEMPERATURE 


: 














r) 5 io 1S 20 25 #30 35 
TIME, MINUTES 


Fig. 10 — Differential thermal analysis of CaO* 
AleOgz * Aq cement. 


ably two hydrated compounds involved. The first 
compound to dehydrate is probably the major com- 
ponent (CaO~ Al,O,+ aq) which begins its dehydra- 
tion at 175 C (347 F) and is decomposed completely 
at 490C (914F). The double peak is characteristic 
of the two stage dehydration of some natural hy- 
drated calcium minerals such as gypsum. 


Water Evolution 


Evolution of water begins from a minor constit- 
uent which may be CaO « 2A1,O, + Aq at 490 C (914 F) 
and is complete at 600 C (1112 F). From this tempera- 
ture to 1832 F there is no further evidence of any 
reactions. 

Based on this analysis baking temperatures in the 








700-900 C (1300-1600 F) range should be sufficient 
to prevent casting defects due to mold gases. 

The CaO- Al,O, cement has one disadvantage in 
that the hydration reaction is exothermic which re- 
sults in considerable temperature rise. This effect is 
not serious in small cross-sections, but may become 
a problem in large masses of investment. 

The thermal expansion curve for a calcium alu- 
minate-silica material is shown in Fig. 11. As may 
be seen, this curve shows no abnormal dips or rises 
other than the abrupt rise in the 1000F region 
due to the crystal inversion in SiO,. Some shrink- 
age occurs above 1400 F, but not excessive. 

CaO - Al,O, is made by the solid state reaction be- 
tween calcium carbonate and aluminum hydrate by 
the following reaction: 


CaCO, + 2Al(OH), > CaO - Al,O, + CO, t + 3H,07 


The proper proportions of calcium carbonate and 
aluminum hydrate are mixed and heated to a tem- 
perature of 1850-2000 F. Reaction occurs between the 
freshly formed CaO and AI,O,. The material is a 
white powder, requires no grinding or sizing and is 
ready for use. 

This is an excellent high temperature bond, di- 
mensionally stable, simple to use and satisfactory 
up to temperatures of 2700-2900 F depending upon 
the aggregate. 


ALUMINUM ACETATE PROCESS 


It is possible by proper chemical control to pre- 
cipitate metal hydroxides from any of the soluble 
metal-organic salts. For example, by using a solu- 
ble aluminum acetate and raising the pH one can 
precipitate alumina gel Al(OH), which acts as a 
binder for the refractory aggregate. One of the 
most effective methods of doing this is to use a 
MgO addition as is often done in the ethyl-silicate 
process. Again the rate of set is controlled by the 
fineness, surface area and degree of calcination of 
the MgO used. As the pH of the solution is changed 
in the vicinity of the MgO grain surface, alumina 
gel precipitates and setting occurs. Since the bond 
is hydrated it must be heated to form alumina 
according to the reaction: 


2Al(OH), > Al,O, + 3H,O } 


Figure 12 shows the thermal analysis curve for an 
Al,O,-MgO-aluminum acetate mixture after setting. 
The dehydration of the alumina gel occurs at ap- 
proximately 700F followed by a high exothermic 
peak due to the formation of crystalline Al,O,. 
The curve indicates that molds cured at 1100F 
should be gas free and suitable for precision cast- 
ing molds. Since the bond is Al,O, it has good high 
temperature properties. 

The MgO addition required to set the bond has 
a tendency to flux silicate or alumino-silicate min- 
erals therefore use is restricted to 2700-2800 F with 
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Fig. 11— Thermal expansion of CaO * AlsOg3 — silica 
refractory. 


these aggregates. If aggregates such as MgO (dead 
burned) or forsterite (2MgO + SiO.) are used the flux- 
ing action is eliminated and the mold will be usable 
for higher pouring temperatures. Similar techniques 
may be used to form oxide bonds such as ZrO, from 
zirconium acetate or other metallic oxides from 
soluble metallo-organic compounds. 


“GLASCAST” PROCESS 


The original “glascast” process, as developed by 
the Corning Glass Works, was one involving a cope 
and drag type of mold. This type mold was made 
by drain casting using plaster of paris molds as 
are used in the slip casting of other types of ceramic 
bodies. The material used for this type of process 
was the high silica glass powder “vycor” which has a 
composition 96%, SiO,, 2.5% B,O,, others 1.5%. Since 
it is a glass, not a crystal, the coefficient of expansion 
of this material is low being 4.7 X 10-°/F. 

For making the mold a slurry is prepared of 
4 parts “glascast’” powder to 1 part of water 
(by weight). This is poured into the plaster of paris 
mold, allowed to set for a certain time depending 
upon the wall thickness which one desires to build 
up and then drained. The green strength of the 
mold is believed to be due to the soluble silica, 
and the fired strength is developed due to the sin- 
tering of the fine glass particles. Molds are fired 
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Fig. 12 — Differential thermal analysis of MgO— 
Al(C2H302)3—AloOg refractory. 
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to 1050 C for 15 to 20 min to insure uniform heat- 
ing. Drying and firing shrinkages are negligible. 

Obviously such a method using plaster of paris 
molds for the formation of the mold cavity is not 
adaptable to the process using lost wax patterns. An- 
other method has been developed for this _proc- 
ess. A light shell a quarter to 3%-in. thick is built 
up on the wax pattern. by a process of dipping into 
a slurry and stuccoing with a glass grain. This us- 
ually involves five or six cycles to build up the 
wall to the proper thickness. 

Two slurrys are used designated as A-10 and A-O. 
These have the following compositions: 





A-10 A-O 
“Geeeenet” Powder, gms. ...........0005 4540 4420 
Se re eer _— 113 
PE I BE EE ose cccesvesesccn 1.25 4.5 
I FI ES ricci cee cee tte eu — 42.5 
“peetnecel” (1.5% eol.).* oc ..........5. 25 — 
Gua arate (107, O00), co... 2... ccs... — 681 
TE PEG MOE nice civic isaeepes ane 112.5 228 
MER CL Su celdonsiesy vena cesanuled 1010 432 





The A-10 slip is a heavy, slow drying mix used 
only for the first dip coat while the A-O mix is 
lighter, faster drying used for all additional coats. 

The aerosol OT is added to promote the wetting 
properties of the slip. 

“Methocel” (Technical grade 4000CPS)* is added 
to obtain higher viscosity with a lower ratio of sol- 
ids. It contributes hardness and toughness and bond 
in the green state. 

“Nalcoag” 35 per cent serves as a binder and 
adds to the hardness of the coating. 

Gum arabic is added ‘to provide high green 
strength in the prime coat composition and acts as 
a suspending agent. 

Ball clay is added to thicken slips, promote sus- 
pension and improve flow properties. Its prime func- 
tion is to raise the yield point of the slip in that 
it is flocculated by the tartaric acid addition. 

The mold is built up by dipping the wax pat- 
tern in the A-10 slip, stuccoing it with “glascast” 
grain and allowing it to dry for about one hr. The 
mold is then dipped in A-O slip, stuccoed and dried. 
After five coats the mold is dried overnight. 

The mold thus formed is fired by placing it di- 
rectly into a furnace at 900 to 1000C (1652 to 
1832 F). The wax rapidly burns out and after a 
period of 15 to 20 min all residue carbon is burned 
out and the mold is ready for casting. 

Because of the extremely low and uniform ex- 
pansion of the silica glass aggregate as well as the 
low mass and thin walls involved claims indicate 
good dimensiona: control. 


LOW TEMPERATURE MOLD MATERIALS 


Plaster of Paris 

The material of greatest importance in the manu- 
facture of molds for the low temperature metals is 
gypsum or “plaster of paris.” 





*Sources of materials mentioned herein may be obtained from 
the author. 





When plaster of paris (CaSO,+- 1/2H,O) is gaged 
with water the following characteristics are ob- 
served: 4 


1) A setting or initial stiffening of the paste occurs 
about 20 min after mixing. During the time 
proceding this stiffening, little temperature rise 
occurs. 

2) Shortly after the initial set, pronounced temper- 
ature rise and measurable expansion occur, which 
reach a maximum 20-30 min later. 


The setting time of plaster of paris may be con- 
trolled by additives such as cations of Al**, Mg*® or 
terra alba, all of which accelerate the set. During the 
setting process the hemi-hydrate reacts with water to 
form the di-hydrate. 


2CaSO, - 1/2H,O + 3H,O > 2CaSO, - 2H,O 


For precision casting purposes gypsum is seldom 
used alone. Other materials are added for several 
reasons— 1) to increase thermal conductivity (SiO,), 
2) to improve strength and cracking tendencies (as- 
bestos, glass fibers and talc), 3) to improve permeable 
(inert materials, foaming agents) and 4) to overcome 
shrinkage of plaster when heated. 

The major problem involved in using plaster is 
permeability. Plaster molds are dense and impervious 
unless special treatment of some type is resorted to. 
There are two main methods used to improve per- 
meability of the plaster itself. These are autoclave 
treatment and foaming agents. 


AUTOCLAVE TREATMENT 


In the autoclave treatment when the set gypsum 
molds containing CaSO,+ 2H,O are heated in a sat- 
urated water atmosphere at a temperature above 
96 C (173 F), the reaction 2CaSO, + 2H,O — 2CaSO, « 
1/2H,O + 3H,O will proceed, since above this tem- 
perature the dihydrate is the unstable phase as shown 
in Fig. 13. 

As autoclaving continues above atmospheric pres- 
sures this reaction continues, the water released by 
the reaction remaining in the mold which at this 
point is soft. This water being released becomes 
saturated with respect to CaSO,, the smaller crys- 
tals being dissolved as more water becomes available. 
Since the solubility of the hemihydrate decreases with 
increasing temperature, it is not desirable to auto- 
clave at high pressures, the usual pressures recom- 
mended are in the 10-30 Ib/in.? range. 

After the autoclave treatment the cores are 
cooled preferably in a moist atmosphere. At the 
surface, which cools below 96 C (173 F) first and more 
rapidly than the interior, fine crystals of CaSO, » 2H,O 
are precipitated. In the interior which cools slowly, 
larger crystals of the dihydrate grow. A core is thus 
produced having a smooth, fine grained surface with 
a porous interior. The chemical form of the material 
after this treatment is still the dihydrate. The only 
result of the autoclave treatment has been a redistri- 
bution of crystal size on the exterior and interior in 
order to produce a greater permeability in the core. 











0.Fr 





0.20 


CaSO, (wt. %) 
o 
a 


°o 
°o 


0.05} 





\ 
\. CaS0,-2H,0 







System CaSO4-H20 


Hemihydrate 
-$H,0 









Fig. 13 — CaSO, 


FOAMING AGENTS 


Another method of imparting the necessary per- 
meability to plaster molds is the foam method em- 
ployed by the U.S. Gypsum “hydroperm” process. 
This method involves the incorporation of a foam- 
ing agent with the plaster. This results in a thin 
skin on the mold surface behind which is a bubble 
structure. This results in a high permeability with- 
out the autoclave treatment. 


DEHYDRATION 


Since it is impossible to pour metal against such 
a hydrated mineral due to its release of water and 
resulting disastrous effects, it is necessary to dehy- 
drate the core by heating. 





100 


i125. 150 175 200 


Temp °C 


H2O system. 


The thermal analysis of gypsum in air is shown in 
Fig. 14.5 The temperature of the endothermic peak 
caused by the loss of 114 molecules of water from 
the gypsum is 180C (365 F). The endothermic peak 
caused by the remaining 4 molecule of water is 
215C (420F). The small exothermic peak in the 
thermogram at 360C (680 F) is caused by a change 
from soluble anhydrite (gamma CaSO,) to anhydrite 
(beta CaSO,) as determined by x-ray analysis of 
samples heated to a temperature just below and above 
the peak temperature. 

Beta CaSO, changes to alpha CaSO, at 1225C 
(2228 F) as evidenced by the endothermic peak. 
During this inversion a small amount of SO, gas is 
released from the anhydrite, as determined by 
furnace gas analysis. The endothermic peak caused 
by the melting of the eutectic composition is at 
1385 C (2525 F). 
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Fig. 15 — Differential thermal analysis of gypsum in 
CO atmosphere. 


The thermogram for gypsum in CO, and N, atmos- 
pheres is essentially the same as in air. 

Heating gypsum in CO results in an entirely dif- 
ferent type of behavior as shown in Fig. 15. 

The exothermic peak caused by the inversion of 
gamma to beta anhydrite is superimposed on an- 
other broad exothermic peak probably caused by 
the reaction of water from the dehydration of the 
gypsum with carbon monoxide. A large endothermic 
peak beginning at 910C (1670F) is identified as 
the result of the reaction 


2CaSO, + 4CO > CaO + CaS + SO, + 4CO, 


No CaSO, was present above this temperature but 
was completely decomposed to CaO and CaS. 


Carbon Monoxide Effect 

There is no doubt that CO present in a mold 
cavity will lower the decomposition temperature of 
calcium sulfate. Under ideal conditions such molds 
may be used at temperatures below 1225C 
(2228 F). 

Providing the permeability of the mold is suffi- 
ciently high it is necessary to remove only 114 mole- 
cules of water from the gypsum and certain claims 
are made that the remaining 14 molecule of water 
is advantageous since it chills the metal faster. This 
is no doubt true providing the gases released may 
escape through the mold and not the metal. 

Because of this possibility of gas formation from 
incompletely dehydrated gypsum or from the de- 
composition of the calcium sulfate itself great care 
is taken to provide proper venting for plaster molds. 
In many instances it is standard practice to apply 
vacuum to cope and drag molds, which assists in 
the escape of released gases and permits the metal 
to lay close to the mold surface. This is particu- 
larly necessary on large castings having close di- 
mensional and surface requirements. 


DIMENSIONAL CHANGES 


As with all materials the dimensional changes tak- 
ing place in plaster investments depend entirely on 
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Fig. 16 — Dimensional changes in gypsum-silica mix- 
tures and gypsum on heating. 


such variables as type of aggregate, per cent bond, 
water content and temperature of dehydration. 
Because of the extreme variability of these factors 
data are of little value. 

Figure 16 shows the dimensional change taking 
place in gypsum as it is heated. The effect of water 
content of the starting mix is shown for 49 and 37 
consistency. The effect of 70 per cent SiO, on the 
linear expansion is also shown, the resulting curve 
having little resemblance to that of 100 per cent 
gypsum. If one considers other common additions 
such as talc, glass fibers, foaming agents or asbestos 
there is little doubt that the thermal expansion 
curve would vary for each composition. This would 
have to be determined for each mix. As long as it 
is reproducible the casting manufacturer can _pro- 
vide for it in the original patterns. 


SUMMARY 


The various types of inorganic binders are dis- 
cussed with particular emphasis on their chemical 
formation and high temperature properties. 

Differential thermal analysis is a valuable tool 
for determining the baking temperature required to 
eliminate gaseous products from refractory compo- 
sitions. 

The dimensional stability of a mold is determined 
largely by the characteristics of the aggregate used 
with some contribution from the binder which de- 
pends on the percentage of bond and liquid in the 
original mix. 
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ABSTRACT 


The procedure of the shatter test for clay-bonded 
sand is described. A standard AFS test piece is stripped 
by means of a stripping post so mounted that im- 
mediately after leaving the container the test piece 
falls vertically through a height of 6 ft onto a solid 
anvil set in the center of a ¥-in. standard sieve. The 
shatter index is the percentage by weight of the test 
piece which remains on the %-in. mesh sieve. The 
shatter test should be used with the green strength 
test. An appendix gives the apparatus necessary for 
the shatter test, the method of testing and the pre- 
cautions necessary when using the test. 


THE SHATTER TEST 


This test was first described by Graham,! and a 
standard procedure for carrying it out was later pre- 
pared by the Joint Committee on Sand Testing.? It 
is widely used in British foundries. The test is carried 
out by stripping the standard AFS test piece by means 
of a stripping post so mounted that immediately after 
leaving the container the test piece falls vertically 
through a height of 6 ft. onto a solid anvil set in 
the center of a 4-in. standard sieve. 

On striking the anvil the test piece breaks up and 
the coarser fragments are caught on the sieve. The 
result is reported as the “shatter index,” which is 
defined as the percentage by weight of the test piece 
which remains on a 4-in. mesh sieve. The apparatus 
required, and the method of carrying out the test 
are described in the Appendix. 

In order to control the “moldability” of a sand 
the shatter test is used in conjunction with the green 
strength test. Neither test alone is sufficient. 

The test satisfies the requirements of a routine test 
for foundry sand in that it can be carried out quickly, 
requires no great skill and can be interpreted by the 
small foundry without a technical staff. 


TESTS FOR “MOLDABILITY” 


Routine tests for the control of foundry sand are 
almost universally derived from those originally pre- 
pared by the AFA, and remarkably little modification 
of the original recommendations has been desirable. 
Of these routine tests, that for green strength has 
been in general use to determine whether a sand 
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SHATTER TEST USE 
FOR CONTROLLING 
CLAY-BONDED SAND 


by W. B. Parkes and R. G. Godding 


is suitable for making the mold, separating it from 
the pattern and assembling and under some conditions 
this procedure is satisfactory. 

For example, if the moisture content, type of clay 
and grading of the fraction other than clay are un- 
changed, then the molding properties are likely to 
remain constant so long as the green strength remains 
the same. However, when any of the other factors 
mentioned changes, a constant green strength does 
not guarantee constant molding properties. It is pos- 
sible to obtain either good or bad molding proper- 
ties as required with green strength anywhere in the 
range 0-20 psi by a suitable selection of grain and 
binder. 


GREEN STRENGTH TEST LIMITATIONS 


There are many indications from the foundry that 
the molding properties of a sand are not defined 
by the green strength. 

On a line of molding machines, when stripping is 
satisfactory except for an occasional difficult pattern, 
a fairly widespread practice is to take a little sand 
bonded with organic binders from the core shop and 
use it as a facing sand on that part of the pattern 
where the sand is breaking away. This is usually 
successful. The molders attribute this to the clay- 
bonded sand being too weak, whereas the core shop 
sand has sufficient strength, for instance, in one 
such case the “too weak” molding sand had a strength 
of 8 lb/sq in. and the “strong enough” core sand one 
of 8 oz/sq in. 

If the green strength of a clay-bonded sand at dif- 
ferent moisture contents is measured a curve like that 
shown in Fig. 1 is obtained. 

In the region where the line is broken green 
strength is high, but it would be difficult to obtain 
a satisfactory draw even with a simple pattern. 
Indeed, towards the low moisture end it is difficult 
to obtain concordant results in the strength test. 
Where the solid line commences, it is possible to 
strip from fairly simple patterns only; but as the 
moisture content increases, more and more compli- 
cated patterns can be used until the point is reached 
when the sand fails through stickiness. 

In this case molding properties improve as strength 
decreases. 

If, using the same kind of sand and clay as in the 
sand shown in Fig. 1, which had good molding prop- 
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Fig. 1— Green strength moisture curve of 
clay-bonded sand. 
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erties with 10 per cent clay and 214 per cent water, 
increasing quantities of clay and water in the ratio 
4 clay to 1 water are added, then green strength will 
increase and molding properties improve until the 
point is reached when the sand is so strong that it 
cannot be rammed properly. In this case molding 
properties improve as strength increases. Clearly, some 
factor other than green strength is involved. 


CRACKING OF RAMMED SAND 


In an attempt to illustrate the difference between 
sands with good and with poor molding properties, 
one sand of each kind was prepared, both having a 
green strength of 8 psi. There are several ways of 
doing this. Standard test pieces from each were pre- 
pared and broken on a spring balance machine, a 
film of the test piece being taken during the opera- 
tion. Stills from the film are shown in Figs. 2 (poor 
molding properties) and 3 (good molding properties). 

In each case photograph (a) shows the test pieces 
when the load was first applied, (b) when the first 
crack appeared and (c) Yo sec after (b). At this 
point the sand with the poor molding properties col- 
lapsed, but the sand with the good molding properties 
had not. To get to the condition shown in 3(d), 
which corresponds to that shown in 2(c), the load 
had to be applied for a further 4% sec. The final 
photographs show the broken test pieces. 


Comparison between photographs 2(b) and 3(b) 
shows the difference between the physical properties 
of the two sands. When the first crack appears in 
2(b) there has been little change in the dimensions 
of the test piece, but in 3(b) the test piece has bulged 
and become shorter. The extent of this shortening 
and deformation can be used as an index of the mold- 
ing properties of the sand. 


REASONS FOR OBTAINING A POOR STRIP 


When a pattern is being removed from a rammed 
mold, the friction between pattern and vertical parts 
of the mold wall is high and usually exceeds the 
transverse strength of a thin layer of sand near the 
mold surface. The pattern drops out a layer of sand 
as shown in (A) of Fig. 4. 

In order to avoid damage to the mold in this way, 
the size of the mold cavity has to be increased in 
order to provide a clearance and eliminate friction as 
far as possible. In machine molding this is done by 
means of a vibrator, whereas hand molders frequently 
insert a rapping spike into the pattern (as shown in 
(B) of Fig. 4), and strike this in such a way as to 
obtain lateral movement of the pattern. 

A bad strip is obtained if the mold cavity is not 
sufficiently enlarged or if the mold cracks during rap- 
ping or vibrating. The latter occurs if the deformation 
imposed on any section of the mold is greater than it 














can stand without cracking. Again, the important 
property is deformation. 


DIRECT MEASUREMENT OF DEFORMATION 


The importance of deformation has long been rec- 
ognized. There are numerous references to it in 
the literature during the last 20 or more years, and 
some of the green strength machines used for testing 
foundry sands have attachments for measuring this 
property. The behavior of a plastic material when 
being deformed, however, is somewhat complicated, 
and many attempts to relate the behavior of a sand 
mold during stripping to the deformation so measured 
have been unsuccessful. 

The probable reason for this lack of agreement is 
that it is difficult to measure the deformation of a 
plastic material, the difficulty being in part due to 
the actual difficulty in measuring; and in part to 
the need for specifying several factors, each of which 
influences the result obtained. 

Figure 5 shows the stress/strain curves of two sands. 
Curve (a) is that of a clay-bonded sand with a low 
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moisture content, a sand which could only be used 
for making single molds. The strength of this sand 
is 10 psi, and the deformation 10- in. on 2 in. An 
attachment to a dead load machine can measure this 
deformation fairly accurately. 

Curve (b) is that of plastic sand with higher mois- 
ture content and a cereal addition. This sand has 
excellent stripping properties but is too tough to 
ram easily. It is difficult to decide the exact deforma- 
tion at maximum stress because of the flat top of the 
curve and it could be anything between 40x 10-° and 
65 x'10-° on 2 in. This kind of curve can only be ob- 
tained by means of an apparatus in which load is 
reduced as soon as the test piece begins to deform 
rapidly, With a dead load machine the deformation 
obtained usually lies between deformation at maxi- 
mum stress and deformation to rupture, and the re- 
sult depends on the rate at which the load is applied 
and on the characteristics of the machine. 

When a mold is vibrated or rapped the rate of 
application of the load is extremely rapid, and con- 
ditions are those of impact rather than those of steady 


Fig. 2 — Poor molding properties. a — upper left; b — upper right; c — lower left; d — lower right. 
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Fig. 3. — Good molding properties. a — upper left; 
b— upper right; c— left; d—lower left; e— 
lower right. 

















loading. All attempts to measure directly deformation 
under impact have so far failed. 


INDIRECT MEASUREMENT OF 
DEFORMATION 

Since direct measurement of deformation was not 
practicable at the time, indirect methods were con- 
sidered, and the most promising appeared to be by 
means of an impact test similar to the Izod. Two 
obstacles were found. In the first place, green sand 
is such a weak material that it is difficult to build 
a machine suitable for routine testing on which fric- 
tion losses are low enough to be ignored. In the second 
place, the energy absorbed in moving the broken half 
of the test piece was greater than that required for 
breaking, i.e., if the test were carried out on a test 
piece already cut into two pieces, the result differed 
little from that obtained when a complete test piece 
was used. 


SHATTER TEST USE 


When Graham published his description of the 
shatter test it offered a possible solution to the prob- 
lem of the impact test in that the test piece was 
broken by impact and friction losses did not inter- 
fere, the breaking force being supplied by the inertia 
of the falling test piece. The apparatus was well 
suited for routine testing. 

The test was first described as one for measuring 
“flowability,” and was soon adopted by a number of 
foundries. It was found to be more satisfactory as a 
measure of the stripping properties, but after longer 
experience this was shown to be true only if the green 
strength remained constant. If shatter index remains 
constant and green strength rises, the mold is liable to 
crack during vibrating or rapping. 

It is not possible to derive deformation from the 
results of the shatter test, and, moreover, the test has 
a serious limitation in that it is quantitative to only 
a limited extent. If two sands have the same shatter 
index they have the same toughness under impact 
conditions, but if their indices differ it is only possible 
to say that one is tougher or less tough than the 
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other. The curve relating toughness to shatter index 
approximates to a hyperbola with the asymptote at 
100 per cent. 

Although the shatter test is thus limited, it can 
still be used in conjunction with the green strength 
test for routine control of prepared foundry sands 
in the following way. 

The shatter index measures toughness which can 
be defined by the area under the stress/strain curve, 
and is therefore approximately proportional to the 
product of strength and deformation. If we have two 
sands A and B, each with a shatter index of 70, but 
A has a strength of 10 psi and B a strength of 20 psi, 
then they have the same toughness but the deforma- 
tion of B is only half that of A. 








Sand A Sand B 
Shatter Index ........... 70 70 
WHEE, Gish os ca hdedeaeun X Xx 
Green Steemgth ........0.%. 10 Ib/sq in. 20 Ib/sq in. 
ee err Kx Kx 
10 20 


It is not necessary to know the value of X or the 
units in which it is measured, or the value of K. Sand 






















Fig. 4 — Breakage 
of mold during 
pattern strip. 





























Fig. 5— Stress-strain curves of two 
sands. 
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A is typical of the sands used for machine molded cast- 
ings with a not too difficult draw. Sand B would be 
unsatisfactory for most work as the mold would tend 
to crack when vibrated. 

If the strength fell to 5 psi, and the shatter index 
remained at 70, deformation would be doubled. The 
mold would strip nicely, but with double the defor- 
mation resulting from half the load there would be a 
greatly increased risk that the pressure of the metal 
during and at the end of pouring might cause the mold 
to deform sufficiently to give an oversize casting. If the 
green strength is as low as 5 psi, as may occur if the 
sands are mixed by hand, royer or sand cutter, the 
shatter index should be reduced to 50-60 to avoid 
swelling. 

In the foregoing, toughness was measured under 
impact conditions, whereas the green strength was 
measured in the normal way. With the high rates of 
shear which occur in the shatter test, green strength 
will certainly be much higher, and on this account it 
was at first feared that the relationship between shat- 
ter index and green strength might not always give 
satisfactory control. Although the test has been used 
by a large number of foundries for almost ten years, 
no such cases have come to hand. It appears, for the 
range of clay-bonded sands used in the iron foundry, 
that there is a sufficiently constant ratio between the 
strengths at high and low rates of shear. 


GREEN STRENGTH IMPORTANCE 


In order to use the shatter test for sand control, it 
is necessary to know also the green strength, but green 
strength is also important, per se. It is quite easy to 
produce a sand with sufficient deformation to enable 
the mold to be separated from the pattern while still 
having a low green strength, Indeed, it is possible to 
do this with a silica sand and water alone, but the 
green strength is so low that the mold would, in many 
cases, collapse under its own weight. With somewhat 
higher green strengths the mold may sag or distort 
under its own weight or, at a later stage as a result of 
metal pressure. 


An Example of Control By Means of the 
Shatter and Green Strength Tests 

The failure of either the shatter or green strength 
test alone to control a foundry sand mixture was seen 
in the case of two foundries where castings and pro- 
duction methods were similar. The castings were of 
simple design and required no cores, the metal/sand 
ratio was high and a completely synthetic sand was 
used. One foundry added sufficient clay to maintain a 
constant green strength, and the other sufficient to 
maintain a constant shatter index. After a period of 
time both foundries were in serious trouble because 
the molds cracked while being vibrated, and small sec- 
tions remained behind on the pattern when the mold 
was removed. 

The cause of the change in molding properties was 
the same in the two foundries. Each produced cast- 
ings of considerable thickness which had to remain in 
the mold for some time before being shaken out. A 
large proportion of the sand was therefore strongly 
heated, and much of the clay present lost its bond- 
ing power entirely. Since no cores were required, there 


were no additions of clay-free sand from this source, 
and the only sand entering the system was the small 
amount of makeup sand required to keep the system 
full. In consequence, there was a continued increase 
in the amount of clay which had no bonding power, 
and such “dead” clay has an important effect on the 
properties of the new clay added to maintain the sand 
in suitable condition for molding. 

This effect was demonstrated in the following way. 
A synthetic sand was prepared by milling a silica sand 
with 5 per cent bentonite, and the green strength and 
shatter index were measured over a wide range of 
moisture content. The sand was heated to 800 C (1472 
F) for some time, and on milling with water it could 
be seen that the bonding power of the clay had com- 
pletely disappeared. Five per cent of new bentonite 
was added and the sand re-milled and tested as before. 
Green strength/moisture and shatter index/moisture 
curves showed that three changes had occurred: 


1) All curves had moved in the direction of high 
moisture content. 

2) Green strength had increased. 

3) Shatter index had decreased. 


The sand was heated again and remilled with water 
and again strength and shatter index were negligible. 
A further 5 per cent bentonite was added and tested 
as before. The process was again repeated so that the 
final sand contained 15 per cent “dead” clay and 5 per 
cent active clay. The green strengths and shatter in- 
dices of the four sands are shown in Figs. 6 and 7. 

Both the foundries mentioned earlier maintained a 
close control over their sand. Moisture content, per- 
meability and coal dust, were kept constant, as were 
shatter index in the one case and green strength in the 
other, but both foundries ran into difficulty, and a 
glance at Figs. 6 and 7 shows why. 

Since “dead” clay raises green strength, the foundry 
maintaining the constant green strength was actually 
reducing the amount of active clay present. The shat- 
ter index was therefore falling more rapidly than is 
shown in Fig. 7. With a constant green strength, a fall 
in shatter index is due to a fall in deformation, and 
on this account the molds cracked when vibrated. 

In the second foundry the shatter index was kept 
constant, but since “dead” clay (which reduces shat- 
ter index) was increasing, the amount of new clay 
had to be raised. This in turn further increases the 
green strength, which had already been raised by the 
“dead” clay. An increase in green strength with a 
constant shatter index has been shown to be due to 
a fall in deformation, and the second foundry was 
eventually in precisely the same difficutly as the first. 
The only difference was that a somewhat longer time 
elapsed before the end was reached. 

With either test used alone, control is inadequate, 
but if both tests are used control can be maintained. 
Two completely independent parameters, strength and 
deformation, are involved and no single figure is ade- 
quate to define both. It is not necessary for a routine 
test to measure both, but it must be able to show, 
once the properties desired have been decided upon, 
whether either has changed. This is done most easily 
by the combination of green strength and shatter test. 
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Fig. 8 — Apparatus for shatter test. 


A—Stripping post. 

B—Supporting arm. 

C—Column carrying arm and post. 
D—Base. 

C—Anvil. 

G—Sieve. 

H—Pan. 


In order to obtain a perpendicular fall of 6 ft, the 
height of the bottom of the stripping post above the 
top of the anvil is 6 ft 2 in. 

The anvil must be firmly attached to the base and 
projects l4-in. through the center of the sieve. In 
order to ensure that the broken test piece falls onto 
the sieve clear of the anvil, the anvil head has a 
diameter of 3 in., this head being removable in order 
to facilitate removal of the sieve. Alternatively the 





anvil can be made in one piece and arrangements 
made to withdraw the pan and weigh the undersize, 
obtaining the oversize by difference. 

The top of the supporting arm should be attached 
to a wall or other rigid body to prevent lateral move- 
ment of stripping post when carrying out the test. 

Method of Testing. The standard AFS test piece 
is prepared by ramming with three blows in the 
recommended manner. 

The test piece is then stripped by means of the 
stripping post on the apparatus. As soon as it is clear 
of the container it falls and strikes the anvil. The 
test piece shatters, and the broken pieces are collected 
and weighed. The cone of sand remaining on the 
head of the anvil is included in tie oversize, i.e., it 
is transferred directly to the balance and is not first 
placed on the sieve. Care must be taken not to shake 
the sieve or some oversize fragments may be broken 
down and pass through the sieve. 

A permissible alternative method of stripping is 
to hold the test piece contained on a suitable clamp 
and gently eject by means of plunger. 

It is also permissible to collect and weigh the sand 
passing through the sieve, the oversize being obtained 
by difference. 

The shatter index is the percentage by weight of 
the test piece which remains on the 0.5. in. sieve after 
testing in the above manner. The result reported 
should be the average of 3 tests, any which vary 
from the average by +5 per cent or more being 
ignored and the test repeated. 


Precautions Necessary 


1. The stripping post must be mounted so that it 
(loes not move while stripping is being effected. 

2. The stripping post must be mounted so that its 
axis is vertical and its lower flat surface horizontal, 
and vertically above the center of the anvil. When 
stripping by means of a plunger, the movement must 
be slow since the test piece will otherwise acquire an 
appreciable velocity over and above that due to its 
fall. 

3. The test piece must fall with its axis vertical 
so that the whole of its lower surface strikes the upper 
surface of the anvil at the same time, otherwise the 
test should be ignored. 

4. The anvil must be rigidly attached to the base 
of the machine and must not merely rest on it or 
on the sieve. When a removable head is used this 
must be attached to the body. 

5. The sieve must not be shaken. Unless both sieve 
and pan are kept in good « ondition unintentional 
shaking may occur when they are being separated, 
in which case erroneous results will be obtained. 

6. Sands which are on the dry side are difficult to 
strip, particularly if they contain coarse grains. This 
may make the stripping operation difficult if it has 
to be carried out entirely by hand. On this account 
the use of a mechanically aided plunger or an air 
cylinder to push the test piece container over the 
stripping post is preferable. 

Where such sands must be stripped by hand it is 
permissible to push the test piece partly out by means 
of a stripping post on the bench and complete the 
operation on the stripping post of the apparatus. 
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ALUMINUM BRONZE 


CASTING CHARACTERISTICS 


ABSTRACT 


The Philadelphia Naval Shipyard has long and varied 
experiences in the manufacture of propellers for com- 
batant ships. The Navy, desirous of improving propeller 
performance and reducing weight, has many propellers 
in service for evaluation manufactured from nickel alu- 
minum bronze. 

A newly developed and patented nickel aluminum 
bronze alloy containing a high percentage of manganese 
is also purported to be desirable in propeller castings. 
Although considerable service data have been made 
available by the patent holder, the Bureau of Ships 
directed that its foundry and metallurgical character- 
istics be determined before any production castings were 
made for service evaluation. 

This paper gives data obtained under conditions at- 
tainable with regular foundry practice for manganese 
bronze, revised to include procedures developed in cast- 
ing nickel aluminum bronze. The characteristics of the 
alloy being investigated are compared with those of 
nickel aluminum bronze and manganese bronze cast 
under conditions considered normal and desirable for 
these alloys. 

An investigation of the subject alloy was authorized to 
be conducted at the Philadelphia Naval Shipyard and 
was divided into two parts. 

1) Investigation and development of foundry techniques 
such as gating, risering, fluidity, sensitivity to sec- 
tion size of mechanical properties, grain size, etc. 
This investigation has been completed and reported 
to the Bureau of Ships. The report is the basis of 
this paper. 

2) Manufacture of propellers for service evaluation. A 
request has been made for authority to manufacture 
propellers for service study but has not been ap- 
proved up to the time of this report. 

The metal used was purchased in the form of ingots 
from the licensees. An equal quantity was purchased 
from each. 


INTRODUCTION 


Under the direction of the Bureau of Ships, Dept. 
of the Navy, a series of investigations were conducted 
by the Engineering Experimental Station, Annapolis, 
Md.,! to determine if possible a better propeller alloy 
than manganese bronze. The investigation covered 
subject alloy’s strength, fatigue, corrosion-fatigue re- 
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sistance and cavitation resistance. These results were 
compared to alloys used at present to manufacture 
ships propellers, and upon this basis were recom- 
mended that it should be given consideration as a 
good material for propellers. 

One of the alloys used as a basis of comparison 
was nickel aluminum bronze. Many propellers, both 
for commercial and Naval use, have been made in 
this alloy. However, some difficulty has been ex- 
perienced in casting these propellers since foundry 
techniques used in manganese bronze differ from 
those required to produce nickel aluminum bronze 
propellers of satisfactory quality. 

In July 1958, the Philadelphia Naval Shipyard was 
authorized to conduct experiments to determine the 
foundry characteristics of subject alloy which would 
ultimately produce a satisfactory propeller for service 
evaluation. A typical composition of the new copper 
base alloy is approximately 1214 per cent manganese, 
7 per cent aluminum, 3 per cent iron and 2 per cent 
nickel. 

To obtain melting stocks for conducting the var- 
ious parts of this investigation, the equal quantities 
of metal received from each licensee was melted, 
thoroughly mixed, cast into ingots and used as a 
stock heat. The chemical and mechanical properties 
of the stock heat are given in Table 1. 

While the composition of the stock heat, consisting 
of equal parts of the ingot metal supplied by the 
licensees, showed a slight deviation in iron and silicon 
contents from the specification limits, the variance 
was considered insignificant in view of the mechanical 
properties obtained. Therefore, this metal was used 
for the remainder of the investigation. 

In melting the above heat, and for melting all 
heats used for the remainder of this investigation, oil- 
fired crucible pit furnaces were used. The analysis of 
the flue gases from the pits used is given in Table 2. 
This adjustment of the burners was maintained 
throughout the investigation. 


Fludity vs. Pouring Temperature 

The fluidity of subject alloy at representative pour- 
ing temperatures was determined by the use of a 
spiral mold designed and used by the U.S. Naval Re- 
search Laboratory (Fig. 2). Keel blocks for tensile 
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Fig. 1 — Dimensions of keel block used for 
tensile specimens. 
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TABLE 1— PURCHASED INGOTS CHEMICAL 
COMPOSITION 





Composition, % 
ce. Al Fe Ms Mn Si 








Vendor | 75.13 7.75 3.00 2.43" 11.62" 0.07" 
Vendor 2 75.00 760 285 2.18 1237 0.01 
Spec. Requirements Rem. 7.50 2.50 1.80 12.00 Less Than 
Supplied by Vendors 8.00 3.00 220 13.00 0.05 


% Chemical Composition of Combined Purchased Ingots— 
Melted Into One Heat: 
75.04 7.70 2.85 2.25" 12.10 0.06* 


Mechanical Properties of Combined Purchased Ingots 





Yield Str." Tensile Str., Elong. 
psi psi in 2 in.,% 
Avg. Four Specimens‘ 55,000 104,000 23.0 
Spec. Requirements 
Supplied by Vendors2 40,000 min 90,000 min 20.0min 


Notes: a. Not in accordance with vendors specificatjon. 
b. Yield strength at 0.005 in./in. under load. 
c. Separately cast test bars, as shown in Fig. 1, using 
standard 0.505 in. diameter by 2 in. gage length speci- 
men. 








i ee 
* yas 


Fig. 2— Spiral casting used in determining fluidity, 
showing head, gate and notches. 











TABLE 2— FLUE GAS ANALYSIS 
(ORSAT APPARATUS) 











Analysis, % 
Pit No. CO, Oo co N 
2 14.4 0.2 1.6 83.8 
8 12.0 0.2 4.4 83.4 
4 14.0 0.0 1.4 84.6 
5 15.2 0.2 0.0 84.6 
6 13.6 0.0 2.8 83.6 
7 14.8 0.4 0.8 84.0 





test were cast at the same time as the fluidity spirals 
(Fig. 1). 

The fluidity spirals and the keel blocks were cast in 
cement molds, having a moisture content of 614 per 
cent as-rammed, and subsequently cured 20 days in 
the shipyard foundry. Similar tests were conducted us- 
ing a nickel-aluminum bronze and manganese bronze 
for control. The results obtained are given in Table 3. 

The data tabulated in Table 3 indicate that subject 
alloy at a temperature of 1900F (1038C) exhibits 
greater fluidity than manganese bronze at a tempera- 
ture of 1800 F (982 C) and nickel aluminum bronze 
at a temperature of 2050F (1121C). The same con- 
clusions were drawn when the fluidities of three above 
named alloys were compared at a temperature of 
1975 F (1080C), 1850 F (1010C) and 2150F (1177C), 
respectively. 

Since the fluidities of manganese bronze and nickel 
aluminum bronze at the temperatures indicated, both 
at the high and low temperatures are satisfactory for 
casting propellers, it was considered that the fluidity 
of the alloy being investigated would also be satis- 
factory at the indicated temperatures. Furthermore, 
this information could be used as a guide in establish- 
ing a recommended pouring temperature range for 
propeller castings. 

However, in order to determine the effect of pour- 
ing temperature on the mechanical properties of the 
new alloy, keel block specimens were prepared in 
cement molds and pouring temperatures varied from 
1750 F (954 C) to 1975 F (1080 C). 


Mechanical Properties vs. Pouring Temperature 
The mechanical properties were determined on 
standard 0.505 in. diameter, 2 in. gage length speci- 
mens. The cement molds had a moisture content of 
61% per cent as-rrammed, and were cured 20 days in 








TABLE 3— FLUIDITY AND MECHANCIAL 
PROPERTIES vs. POURING 
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TABLE 4— HIGH MANGANESE NICKEL ALUMINUM 
BRONZE MECHANICAL PROPERTIES vs. 














TEMPERATURE POURING TEMP. 
Pouring Spiral Yield Tensile Elong. Pouring Yield Tensile Elong. 
Temp.., Length Point, Str., in 2 in., Temp., Str., Str., in 2 in., 
F in. psi? psi % F psi*,” psi® 7,» 
High Manganese Nickel Aluminum Bronze 1750 55,000 87,000 14.5 
1900 20.5 57,000 94,000 $2.5 1750 55,000 78,500 10.0 
1975 33.5 58,000 93,000 31.5 1850 54,500 94,000 $2.5 
Nickel Aluminum Bronze 1850 55,000 94,000 31.5 
2050 14.0 40,000 90,000 27.5 1900 57,000 94,000 33.0 
2150 25.5 40,000 90,000 27.5 1900 57,000 94,000 32.0 
Manganese Bronze 1975 58,000 93,000 30.0 
1800 16.5 Note* 71,500 31.5 on a aa serge 
1850 24.0 73,500 28.0 ’ posed 4p 
m 1975 58,000 93,000 30.0 
N . Tee ‘ : ; ak 
oTEs: * Specification does not require a yield point determina Norss: * Determined at 0.005 in./in. under load. 


tion. 
> Determined at 0.005 in./in. under load. 





the foundry atmosphere. (Unless otherwise stated in 
the remainder of this paper, the above molding 
practice applies.) The results obtained are given in 
Table 4. 

The high yield strength obtained in this part of the 
investigation could not be duplicated, nor is a reason 
for this offered. However, the results show indications 
of an increase of yield strength at the higher pouring 
temperature when casting keel block specimens. 

Based on the data given in Tables 3 and 4, it was 
decided that a pouring temperature of 1900-1975 F 
(1030-1080 C) was most desirable for the alloy being 
investigated. This temperature range was used 
throughout the remainder of this investigation except 
as noted. Additional samples were cast into dry sand 
molds, baked sand molds and cement molds. The 
established pouring temperature range of 1900-1975 F 
(1030-1080 C) was maintained. The chemistry was ad- 
justed to meet established minimum specification 
values. The results obtained are given in Table 5. 

From the results obtained, it can be seen that 
subject alloy will meet the minimum mechanical 
values when melted to the minimum chemistry and 
poured into dry sand, baked sand and cement molds. 


Drossing and Risering Characteristics and 
Sensitivity of Mechanical Properties to 
Section Size 


In conducting this part of the investigation, two 
castings representing a propeller were cast. The basic 
pattern used to mold the castings is shown in Fig. 3. 
Seven days after the molds were made, they were 
coated with a graphite wash. One casting was made 
with a straight riser and -the other with a tapered 
riser. An exothermic sleeve was incorporated in both 
riser cavities. Both castings were bottom fed using a 
by-pass or trap before the metal entered the mold 
cavity. The down gate and ingate were made from 
2 in. diameter fire tile. 

The two castings with gates and risers are shown 
in Figs. 4 and 4a. The sand practice was: 


Washed silica sand APS No. 50-70, Ub . occ eee ccccvccc 200 
bw a ka ey errr rey 24 
WE, A Sati evisu My Jena t Secbes o chehe SOR WQanhe east awed 16.6 


PE: MN a aie pid Fodwie non 0h see SMA wae wenden eee es 74% 


» Keel block specimens, see Fig. 1. 





TABLE 5— AVG. MECHANICAL VALUES FOR 
MINIMUM CHEMICAL SPECIFICATION 
LIMITS CAST IN VARIOUS TYPE 
KEEL BLOCK MOLDS 

















Elong. 
Yield, Tensile, in 2 in., 
Mold psi*,> psi* %,* 
Baked Sand 43,200 91,600 $2.0 
Dry Sand 45,200 91,600 $2.9 
Cement 46,300 92,600 30.2 
Notes: * Values represent an avg. of six specimens. 
» Determined at 0.005 in/in. under load. 
Chemistry, % 
Cu Fe Al Mn Ni Si 
Obtained 76.02 2.50 7.50 12.02 1.90 0.06 
Desired 76.15 2.50 7.50 12.00 1.80 0.05 Max. 
Black Graphite Wash 
I TE cts cnow'n sd s09 toh ets 640 saeceaeeeoaee ..100 
, GTN > va ob wear oua va Wen oe seek weaee eke 3 
SN Ws oss ca a's dds dm Se Ab eS wehbe ah eee eee 3 
0 Ee ee re ere ee 1014 
Exothermic Sleeve 
Exothermic Material, % (as required) ......... Sana ee 
TEE id on bi one vidd s suka pe kacdeehsdwecdededa ten 6 
SL, «5 aca onesie sd RN gide.e ue 04'99.0 5 9 9 eRe ae l 
ER NG SE oon ckcavieam ics pore karees es aaa aes $to5 





Fig. 3 — Drawing 
of simulated pro- 
peller. 
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Fig. 4— Simulated propeller casting, showing gating 
and risering with tapered riser. 


To cast, the two simulated propellers required 
4200 lb of metal. This metal was melted in oil-fired 
crucible furnaces. During melting, extensions were 
placed over the crucibles to prevent the flames from 
impinging on the metal. The composition of the 
furance atmosphere was determined with an atmos- 
pheric analyzer having a range of hydrogen 0-2 per 
cent and carbon dioxide 0-20 per cent. 

The results obtained with this instrument indicated 
that none of the seven pit furnaces being used were 
operating under the slightly oxidizing condition rec- 
ommended for this alloy. In attempting to correct the 
condition it was found that the burner equipment 
was incapable of adjustment to accomplish the de- 
sired results. 


However, the furnace atmosphere under which the 
original ingots were melted was maintained. The 
metal was super heated to 2170F (1188 C) and the 
contents of all seven crucibles poured into a ladle. 
A sample of the metal cast in a chill mold, when 
fractured, showed a dull woodlike fine grain in- 
dicative of a satisfactory silicon content and the 
absence of a gassy condition. Since the metal was 
considered satisfactory, the simulated propeller cast- 
ing (straight riser) was poured when the tempera- 
ture of. the metal, as indicated by a pyrolance was 
1950 F (1066 C). 


The second simulated propeller casting (tapered 
riser) was poured from the same ladle (temperature 
1925F (1052C). The risers of both castings were 
treated with equal quantities of exothermic hot top 
material. In pouring both castings the metal appeared 
to be sluggish. However, examination of the finished 
casting was indicative that the metal, as poured, 
possessed adequate fluidity. Examination of the as- 
cast surface of both castings, indicated a satisfactory 
condition equal to the surface obtained on nickel 





Fig. 4a — Simulated propeller casting, showing gating 
and risering with straight riser. 


aluminum bronze and manganese bronze castings 
manufactured by regular foundry practice. The risers 
were removed from both castings and sectioned to 
observe their feeding and shrinkage characteristics. 


Shrinkage Cavities 


Photographs of the sections (Figs. 5 and 5a) show 
the shrink cavities obtained. The straight riser ex- 
hibits a greater sink cavity with less spongy metal in 
the adjacent lower section than the tapered riser. 
This difference may have been caused by the lower 
pouring temperature. The tapered risered casting 
was poured at 25 F lower than the straight riser. 

The limited data observed from the two castings 
poured, do not permit any definite conclusion as 
to whether or not the straight riser is more efficient 
than the tapered one. However, it may be stated that 
both risers resulted in a satisfactory casting. This was 
further substantiated by sectioning and examining 
the simulated propeller castings. 

The 24 in. hub portion was sectioned into three 
equal parts, and the outside surfaces were machined 
to a depth of 3%-in. to determine the condition of the 
metal adjacent to the mold face. The finished ma- 
chined hub sections are shown in Figs. 6 and 6a. 
Examination of the surfaces of the hubs after remov- 
ing the 3-in. from the diameter, showed too little 
choice between the casting made using a tapered 
riser and the casting made using the straight riser. 
Both castings were considered about equal and rep- 
resentative of good surface conditions. 


Mechanical Properties 

The resulting mechanical properties were next 
evaluated. The hub sections were cut vertically, that 
sections representing the center, one half radius and 
outside of the 12 in. sections could be evaluated. 

The standard 0.505 in. tensile specimen of 2 in. 











gage length was machined from each of the vertical 
sections. The sections are referred to as bottom, center 
and top, indicating their respective positions in the 
propeller type castings when poured. 

The blades which had been removed from the hub 
section were radiographed and vertically sectioned 
into three equal parts, sections were removed and 
standard 0.505 in. tensile specimens were machined 
from each section. These sections are referred to as 
blade near hub, middle of blade and blade near tip. 


Fig. 5 — Simulat- 
ed propeller cast- 
ing straight riser. 








Fig. 5a — Simulat- 
ed propeller cast- 
ing tapered riser. 
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Figs. 6 and 6a— Machined 12 in. diameter hub sec- 
tions, %-in. metal removed per side. Left — tapered 
riser; right — straight riser. 


Fig. 7 shows the location of the samples in relation 
to the simulated propeller casting. 

The resulting mechanical properties of a 2 in. 
section attached to a 12 in. section were then com- 
pared. These data could then be used to anticipate 
what type of mechanical properties could be ex- 
pected if a propeller casting was manufactured from 
subject alloy. The results of these tests are given in 
Table 6. 


Metallographic Examination 

The results of metallographic examination of speci- 
mens taken from the simulated propeller show only a 
slightly coarser structure in the 12 in. hub section as 
compared with the 2 in. blade section. The photomi- 


Fig. 7 — Position of specimens removed for 
mechanical property evaluation. 
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TABLE 6— RESULTS OF TENSILE TEST SPECIMENS TAKEN FROM HUBS AND BLADES OF SIMULATED 
PROPELLER CASTINGS (FIG. 7) HIGH MANGANESE NICKEL ALUMINUM BRONZE 














Location TAPERED RISER STRAIGHT RISER Lececion TAPERED RISER STRAIGHT RISER 

of Yield, Tensile, Elong., Yield, Tensile, Elong., of Yield, Tensile, Elong., Yield, Tensile, Elong., 
Specimen psi* psi in2in.,%  psi* psi in2in.,% Specimen psi* psi in2in.,%  psi* psi in2in., % 
Hub-Bottom Blade Near Hub 
Outside 40,000 81,000 23.0 40,000 83,500 23.5 1 45,000 83,000 20.0 45,000 81,500 20.5” 
R/2 42,500 85,000 25.0 41,000 85,000 26.0 2 47,000 85,000 22.5 45,000 79,500 17.0° 
Center 42,000 85,000 23.5 47,000 85,000 26.0 3 46,000 87,000 26.0 45,000 83,500 23.0° 

4 48,000 89,000 29.5 46,000 87,000 27.5 

Avg. 41,500 87,300 23.8 42,700 84,500 25.2 Avg. 46,500 86,000 24.5 45,300 82,900 22.0 
Hub-Center Blade Mid Section 
Outside 45,000 81,500 24.0 44,000 79,000 19.5 ] 50,000 88,000 21.5 42,000 84,000 18.5” 
R/2 46,000 85,000 27.0 46,000 86,000 27.5 2 52,000 89,500 22.5 44,000 81,000 15.0 
Center 44,000 81,000 $0.5 43,000 83,000 24.0 3 50,000 88,000 21.0 43,500 88,500 25.0 - 
Avg. 45,090 82,500 27.2 44,300 82,700 23.7 Avg. 50,700 88,500 21.7 43,200 84,500 19.5 
Hub-Top Blade Near Tip 
Outside 42,000 64,000 9.5” 44,000 89,000 25.0" 1 48,000 93,500 20.5 43,000 87,000 16.0 
R/2 43,000 67,000 6.0° 45,000 83,500 215° 2 50,000 92,500 20.0 51,000 89,000 18.0 
Center 43,000 76,500 17.5” 45,000 74,000 13.5° 
Avg. 42,700 69,200 11.0 44,700 82,200 20.0 Avg. 49,000 93,000 20.3 47,000 88,000 17.0 


Nores: a) Determined at 0.005 in./in. under load. 
b) Defective specimens. 





crographs of the hub and blade sections are shown 
in Fig. 8. 

The mechanical properties of the tapered risered 
vs. the straight risered casting was given in Table 6. 
To make a more complete evaluation of subject 
alloy, a simulated propeller casting of nickel alu- 
minum bronze and keel block specimens were made 
and used as a basis of comparison of the two alloys. 
This procedure resulted in the evaluation of similar 
type specimens. The same pattern, molding pro- 
cedure and melting condition as that used in manu- 
facturing the simulated propellers of the subject 
alloy were followed. 

The straight riser was used for the nickel alumi- 
num bronze, therefore the resulting properties are 
compared with the straight riser casting of the sub- 
ject alloy. Table 7 shows these data, and a comparison 
of comparable sections of subject alloy and nickel 
aluminum bronze. Tabie 8 summarizes the values of 


Table 7, and gives values to compare the average 
values resulting in the 12 in. hub section, the 2 in. 
blade section and keel block samples of the above 
two alloys. 

In order to further compare the characteristics of 
subject alloy under the conditions of free fall, a 
condition existing in propeller casting practice, keel 
block molds were prepared to determine this effect 
upon the mechanical properties of nickel aluminum 
manganese alloy. 

The same procedure was carried out using manga- 
nese bronze and nickel aluminum bronze. Two keel 
block molds of each alloy were prepared for this 
part of the investigation. In one keel block, the 
height of the pouring gate was equal to depth of the 
coupons, plus the depth of the riser, a drop of 4 in. 
The other mold was similar in all respects, except 
that the pouring gate was 24 in. longer, or a total of 
28 in. (Fig. 9). 


TABLE 7— COMPARISON OF MECHANICAL PROPERTIES OF HIGH MANGANESE ALUMINUM BRONZE WITH 
COMPARABLE TYPE SPECIMENS OF NICKEL ALUMINUM BRONZE 





Propeller Casting (Simulated) Straight Riser 














High High 
Location High Mn-Al Bronze—Hub Ni-Al Bronze—Hub Location Mn-Al Bronze—Blade Ni-Al Bronze—Blade 
of Yield, Tensile, Elong., Yield, Tensile, Elong., of Yield, Tensile, Elong., Yield, Tensile, Elong., 

Specimen psi* psi in2in.,% psi* psi in 2 in., % Specimen psi" psi in2in.,,.%  psi* psi in2in.,% 
Hub-Bottom Blade Near Hub 
Outside 40,000 83,500 23.5 37,000 79,500 20.0 l 45,000 81,500 20.5 38,000 79,000 19.0 
2 Radius 41,000 85,000 26.0 37,500 80,000 23.0 2 45,000 79,500 17.0 36,000 77,000 18.0 
Center ~ 47,000 85,000 26.0 36,500 82,000 24.5 8 45,000 83,500 23.0 38,000 83,000 22.0 

4 46,000 87,000 27.5 40,000 78,000 17.5 
Avg. 42,700 84,500 25.2 37,000 80,500 22.5 Avg. 45,300 82,900 22.0 38,000 79,300 19.1 
Hub-Center Blade Mid Section 
Outside 44,000 79,000 19.5 38,500 79,000 20.0 ] 42,000 84,000 18.5 41,000 81,000 15.0 
4 Radius 46,000 86,000 27.5 38,500 80,000 21.0 2 44,000 81,000 15.0 40,000 83,500 17.5 
Center 43,000 83,000 24.0 38,500 78,000 18.0 3 43,500 88,500 25.0 40,000 73,000 9.5 
Avg. 44,300 82,700 23.7 $8,500 79,000 19.7 Avg. 43,200 84,500 19.5 40,300 79,200 14.0 
Hub-Top Blade Near Tip 
Outside 44,000 89,000 25.0 43,000 77,500 16.5 ] 43,000 87,000 16.0 41,000 83,000 16.5 
Radius 45,000 83,500 21.5 40,000 77,500 16.0 2 51,000 89,000 18.0 40,000 85,000 17.5 
Center 45,000 74,000 13.5 36,500 73,500 18.0 
Avg. 44,700 82,200 20.0 39,800 76,200 16.8 Avg. 47,000 88,000 17.0 40,500 84,000 17.0 


Note: a) Determined at 0.005 in./in. under load. 














Centerline of hub of simulated propeller 
casting, 12 in. diameter. 





> 
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The resulting Mechanical Properties are given in 
Table 9. 

The results shown in Table 9 indicate that a 
slight reduction occurs in the mechanical properties 
with nickel aluminum bronze, manganese bronze and 
subject alloy when the pouring gate is 24 in. greater 
than normal. 


CONCLUSIONS 


Based on the results obtained in this investigation, 
it is concluded: 

Mechanical Properties. Based on the results ob- 
tained from keel blocks specimens the yield point of 
subject alloy is about 7500 psi greater than that of 
nickel aluminum bronze, and is only slightly superior 








* 4 . 
- i Pe ; 
Fig. 8 — Photomicrographs of blade (top) and hub (bottom) of simulated propeller 
casting. Etch: 3 parts acetic acid, 75%; 2 parts nitric acid, con.; 3 parts acetone. 75 X. 





Blade tip of simulated propeller, 2 in. 
thick. 





a 











. 


with respect to ultimate tensile strength and about 
equal in ductility, the latter as measured by the 
per cent elongation values of the test bars. 

Based on a comparison of results obtained from a 
2 in. blade section attached to a 12 in. diameter by 
24 in. high hub, the yield of subject alloy was found 
to be 5500 psi greater than nickel aluminum bronze 
in the 12 in. section and 5700 psi greater in the 2 in. 
section. The ultimate tensile was also slightly supe- 
rior, but the elongation values were comparable. 

Subject alloy will meet the minimum mechanical 
values when melted to the minimum chemistry 
poured into dry sand, baked sand and cement molds. 

Gating, Drossing and Fluidity. The fluidity of 
subject alloy was found to be satisfactory at a pouring 
temperature of 1900 F (1030 C) and 1975 F (1080), 
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Fig. 9 — Keel block with 24 in. downgate. 


TABLE 8 — COMPARISON OF MECHANICAL 


PROPERTIES OF SUBJECT ALLOY WITH 
COMPARABLE TYPE SPECIMENS OF 
NICKEL ALUMINUM BRONZE 











Type of Tensile, Yield, Elong., 

Specimen Alloy psi psi* in 2 in., % 

Cement Bonded Mn-Ni-Al 49,500 92,400 24.1 

Keel Block* Bronze 

Cement Bonded Ni-Al-Br 41,400 90,000 26.1 

Keel Block* 

Simulated 

Propeller 

12 in. Hub? Mn-Ni-Al 43,900 83,100 22.9 
Bronze 

12 in. Hub? Ni-Al-Br 38,400 78,500 19.7 

2 in. Blade* Mn-Ni-Al 45,000 84,500 16.3 
Bronze 

2 in. Blade* Ni-Al-Br 39,300 80,300 16.9 


Notes: a) Avg. of 6 specimens. 
b) Avg. of 9 hub specimens of Table 7. 
c) Avg. of 9 blade specimens of Table 7. 
d) Determined at 0.005 in./in. under load. 


Chemistry of simulated propellers and keel blocks, % 





Alloy 


Cu Fe Al 


Mn Ni Mg 


Si 





Ni-Al-Mn-Bronze 


Ni-Al-Bronze 


75.04 2.85 7.70 
81.54 3.96 9.00 


12.10 225 — 
0.54 4.68 0.20 


0.06 








TABLE 9— MECHANICAL PROPERTIES OF KEEL 
BLOCK SPECIMENS CAST WITH POURING 
GATES OR NORMAL HEIGHT (4 IN.) 

AND WITH POURING GATES 24 IN. 
GREATER THAN NORMAL 








Heightof /Yield., Tensile Elong., Pouring 

Pouring Str., Str., in2in., Temp., 
Material Gate, in. psi psi % F 
Manganese Nickel Normal 51,000 97,000 27.5 1950 
Alum. Bronze 4 50,000 96,500 28.0 
Manganese Nickel 24 greater 50,000 97,000 31.5 1950 
Alum. Bronze than normal 50,000 97,000 30.0 

28 

Nickel-Alum Normal 41,500 90,000 26.5 2060 
Bronze 41,000 90,000 26.0 ‘ 
Nickel-Alum 24 greater 41,000 87,500 19.5 2060 
Bronze than normal 41,000 87,500 19.5 
Manganese Normal — 73,000 28.0 1850 
Bronze 73,000 28.5 
Manganese 24 greater - 71,300 28.5 1850 
Bronze than normal 72,000 25.5 


Norte: Determined at 0.005 in./in. under load. 





respectively, when compared to nickel aluminum 
bronze at a temperature of 2050F (1121C) and 
2150 F (1177C) and manganese bronze at a tem- 
perature of 1800 F (982 C) and 1850 F (1010C). Thus, 
it cast satisfactory at a temperature slightly in excess 
of that used for manganese bronze and somewhat 
less than that used for nickel aluminum bronze. 

Gating and risering in casting subject alloy indi- 
cates that it possesses many characteristics exhibited 
by nickel aluminum bronze and should be subject 
to the same precautions used in gating and risering 
nickel aluminum bronze. In drossing the subject alloy 
appears to be approximately equal to nickel alumi- 
num bronze. 

Sensitivity to Section Size. The mechanical proper- 
ties decrease as the section size increases. However, the 
loss is about equal to nickel aluminum bronze and 
is not considered excessive. Futhermore, the subject 
alloy exhibits only a slight increase in grain size as 
the section increases from 2 in. to 12 in. 

Chemical Impurities—Silicon Content. The manu- 
facturers of the subject alloy have stated that the 
silicon content of this alloy must be held to 0.05 per 
cent maximum. The experimental tests run in this 
investigation were melted in silicon carbide crucibles 
without evident effect upon the resulting mechanical 
properties or silicon pickup. However, what per 
cent silicon pickup or detrimental effect would result 
from melting a 45,000 Ib charge in the foundry’s 
silica lined reverboratory furnace cannot be answered 
at this time. 

No welding tests were performed as this was out 
of the scope of this investigation. 
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ABSTRACT 


A general discussion of the principles involved in the 
manufacture of good steel castings economically is 
presented. Such items are included as 1) selection of 
the proper process acid or basic; 2) difference in cost 
of production of acid and basic steels made in the cold 
metal process; 3) discussion of the proper furnace de- 
sign, atmospheric conditions, speed of melting, selec- 
tion of scrap, etc., for the manufacture of good acid 
steel; 4) some of the chemistry differences between 
acid and basic steel making, and why a difference in 
deoxidation is necessary; 5) some of the theories of de- 
oxidation which are important and necessary to know 
if we wish to deoxidize properly and economically 
and 6) are expensive special or complex deoxidizers 
necessary or can the same result be obtained by simple 
deoxidation. 


INTRODUCTION 


The manufacture of steel for various products un- 
der present day economic conditions requires a careful 
evaluation of all phases relating to that manufacturing 
practice. All products that are manufactured must 
meet a given standard of quality. This quality stand- 
ard can be defined as one that produces castings 
suitable for the purpose intended, gives reasonable 
service in the field and can be manufactured and 
sold at a reasonable profit. 

The quality standard for any one product or all 
products is steadily increasing as more is learned 
about the business, but it is controlled chiefly by 
those companies which have the greatest know how, 
by those which know how to increase quality without 
increasing manufacturing costs and those which know 
the most about the adaptation of fundamental techni- 
cal knowledge to any particular product being manu- 
factured. 

Quality standard is not directly proportional to 
the price per pound received for the products. For 
survival the quality standard of the best producers 
must be kept up with and retained. Present business 
will be retained and new business gained only if 
these standards are kept up. 


STARTING POINT — QUALITY 


Since the standard of quality is the uncontrollable 
starting point, profit is controlled entirely by the cost 
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of production. In other words, quality standards hold 
and make business, while sound operating costs make 
and control profits. 

The author’s company is one of the largest pro- 
ducers of steel castings, mill equipment and other 
diversified products. The bulk of the steel produced 
in this company is manufactured by the acid open 
hearth process, a lesser amount of specialized steels 
being produced in acid electric. This company pro- 
duces castings from 10 Ib to 300,000 lb in weight, a 
wide variety of alloy compositions and carbon con- 
tents from 0.15 per cent to 3.00 per cent. No one will 
question the rigid quality standard requirements on 
steel rolls, armor castings, die castings, wear resistant 
steels, excavating machinery, rock crushing equip- 
ment and many others. 


The manufacture of this great diversification of 
products means that the company must select the 
correct steel making process, the best furnace design 
possible, the best fuel and furnace atmospheric con- 
trol, the most fundamental deoxidation practice, the 
best knowledge of size and type of scrap and raw 
material selection as well as the ability to apply 
fundamental knowledge of steel making over a wide 
variety of conditions. 

Many years ago a large percentage of the world’s 
steel was produced in the acid open hearth. Today 
only approximately one per cent is thus produced. 
Much of this decline in acid steel was due to the 
advent of the automobile, etc., which consumes large 
tonnages of rimmed and other low carbon steels 
unadaptable to acid production. However, many of 
the medium carbon, forging and higher carbon grades 
have changed from the acid to the basic process. 
It is on these grades that the economics of steel 
making practices should be discussed. 


There are many diversified opinions on the type 
of practice most suitable to steel making in individual 
plants. This disagreement exists for many reasons, 
some of which are legitimate and many are incorrect 
due to lack of sound information on the true merits of 
both practices. 


When discussing or evaluating various practices 
adaptable to the manufacture of steel castings there 
are two equally important factors to consider. One 
is the cost of production and the other is the quality 
of the product. Is it possible to select the cheapest 
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process and produce equally good quality by altering 
our operating methods and deoxidation practices? 


ACID VS. BASIC STEEL 


A good physical. quality basic steel is rzlatively 
easy to produce because it can stand certain degrees 
of over deoxidation without completely destroying 
its properties. This is primarily due to its relatively 
low sulfur content. On the other hand, no mistakes of 
deoxidation are permissible in acid steel making. Its 
sulfur content is high and its oxidation characteristics 
highly variant and highly dependent upon scrap 
charge, furnace conditions, operating personnel and 
speed of refining. 


The oxygen system in basic operation greatly in- 
creases from the time the heat is charged until it 
is ready to tap. An acid open hearth has the reverse 
system, which means that ample oxidation in the 
system is almost completely dependent upon type 
of charge, amount of rust on scrap, type of atmosphere 
and sharpness of furnace. The type and amount of 
deoxidation on an acid is critical and must be 
scientifically controlled, due to the lower oxygen 
level and the higher sulfur content. 


Some of the reasons why acid steel production has 
decreased over the years are: 


a) Overworking of heats and belief that green slags 
were required. 


b) Improper or lack of sound deoxidation knowledge. 
c) Belief that clean selected scrap was necessary. 


d) Assumption that acid steel was not a high pro- 
duction process and therefore not enough attention 
paid to the development of sharp, highly oxidizing 
furnaces which we now believe are necessary. 


e) The erroneous belief by many that physical de- 
fects in castings are a steel making responsibility. 
This belief exists more in acid steel making that 
in basic, probably due to the existence of more 
phosphorus and sulfur contents. 


Whether steel quality is affected by acid or basic 
practices is a controversial subject. There is no 
question but that lower phosphorus and sulfur in 
the basic practice should have a positive effect on 
quality as measured by physical testing. However, a 
true measure, of quality is much more complicated 
and involves more than the mere increasing of 
physical property results. 


The definition of quality as given by a research 
director and that given by a stockholder are worded 
much differently. That given by the stockholder will 
not stress physical properties as an ultimate, but 
rather, a product which is acceptable to the in- 
dustry—one that can be made economically. It is just 
as foolish to over stress quality at the expense of 
economy as it is to over stress economy at the expense 
of quality. It is the writer’s opinion that this discussion 
of steel making practices, therefore, should include 





other comparative considerations which could affect 
economics through the cleaning room, furnace main- 
tenance, etc. 

There are technical differences between acid and 
basic operating practices which are of major impor- 
tance. Although these technical differences are univer- 
sal wherever the practices are used, their importance 
depends upon type of product and many other con- 
ditions. In basic steel making, there are many types 
of practices, such as cold metal charges, duplex prac- 
tices, hot metal practice, etc., which can not be com- 
pared with cold metal acid steel making unless it is 
done on the same basis. The author’s company, for 
instance, would be interested in comparisons based 
upon cold metal charges. They are interested in cost 
per ton differentials of cold metal practice while 
maintaining a satisfactory quality standard. 


Basic Cold Metal Practice 


It always requires more pig iron to produce a basic 
heat of a given carbon content, than it requires in 
an acid furnace. The reason being that all basic 
irons must be low in silicon since any silicon present 
will quickly attack basic bottoms and slag-making 
materials. 

In the absence of silicon, there is nothing to 
protect the carbon. The carbon, therefore, eliminates 
during the melt down period and the refining period 
readily. In order to compensate for this freedom 
of carbon elimination, basic heats must be charged 
higher in pig iron so that there is enough carbon 
left after the heat is melted to refine the bath and 
acquire adequate temperature. 

As the carbon specification requirement increases, 
more and more pig iron percentages are necessary. 


Acid Cold Metal Process 


The acid process is an economical one as far as 
pig iron consumption is concerned. The main reason 
being that silicon pig can be used without destroying 
the bottom. This silicon content conserves carbon by 
destroying oxidation during melting. Conversely to 
the basic, the higher the carbon specification, the 
more efficient the pig iron becomes, because more 
silicon is available. 

The approximate comparative pig iron require- 
ments of acid vs. basic cold metal practices are 
(depending somewhat upon type of scrap available): 








Acid Basic 
Pig, Pig, 
Carbon, % % % 
NS aigad 2 o-ace ira eid a okt 12 27 to 35 
DG 6 icac ceedutausecews 15 35 to 40 
Sahn 645¢daa atk ween 25 50 to 55 
Pr ree ee 38 80 





Oxygen Practice 


The basic industry takes advantage of this high 
pig iron consumption by what is known as the 

















“Oxygen Process.” In basic cold metal practice the 
melting carbon is somewhat erratic. Some of the 
heats melt high. By introducing jets of oxygen or 


enriched air, this excess carbon can be rapidly 


eliminated. 

In most hot metal shops, it has been found that 
the basic process can be cheapened by charging even 
higher percentages of liquid pig iron and blowing it 
down with oxygen. The iron is already at about 
2500 F, which greatly speeds up the time required to 
bring the bath to a refining temperature. The excess 
carbon is then blown out with oxygen in a short 
time. 

It is therefore cheaper to charge liquid pig iron 
at 2500 F up to 80 per cent or higher, and blow out 
the carbon than to attempt to save hot metal and 
use cheap scrap. In other words, saving time is cheaper 
than material economy. 


Basic vs. Acid Charges 


There are two general types of pig iron used in the 
acid practice, namely, bessemer, a medium phosphorus 
pig, and low phosphorus pig. The proper selection 
depends upon the type of scrap available. The sulfur 
content of these two irons are about the same level. 

The price of acid bessemer pig and basic cold 
irons are similar. When low phosphorus iron is neces- 
sary in the acid furnace, the cost of the acid practice 
increases due to the high price of this iron. 

It is interesting to set up a comparative cost sheet 
between acid and basic cold metal charge, assuming 
that both were used in the manufacture of castings 
in a shop similar to the author’s company. 

Although scrap prices fluctuate considerably from 
month to month, the following prices were taken 
from Iron Age as of June 1, 1959: 














ACID BASIC 
Charge Cost/ton Charge Cost/ton 
i Se ee 43.50 R.R. heavy melt ......37.50 
eee 46.50 No. 1 heavy melt .....32.50 
oe. Ee Oe 44.50 No. 2 heavy melt ..... 30.50 
High silicon bundles . .39.50 No. 2 bundles ........22.50 
Bessemer pig ......... 67.00 en eee 66.00 


at producing point at producing point. 





If basic or acid practice were used in one foundry, 
the heads, gates, etc., would be called home scrap or 
returns, and would be the same price in either case. 
We are assuming a common price of $40.00/ton in 
either case. 

In the manufacture of 0.30 carbon steel castings, 
taken as an example, the following average metallic 
charges would probably be used. 














ACID BASIC 
Charge % Charge % 
. 2... eae 12 SE diene stam Coon 27 
CIE. ces aaa cacwee 50 Se re a 50 
DUNNE 3.5 5.5.6 Saws st mands 36 a 21 
pee ee en eee 2 


RE «55 ocd acShadoak 2 
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COMPARATIVE COSTS OF METALLIC CHARGES 





Acid (with bessemer pig) 








Charge Cost/ton 
fe eee reer 12% x $67.00 =— 8.04 
Domestic bie aoe 8 0.06 6.009.009 Sk:0 0) © 6:0 ae nn nn 
ee emer ee 

Avg. Cost per Ton 43.70 


Acid (with low phosphorus pig) 














PRUE, Oh s xo bvuncee ney ous uceare urd 12% x $71.00 = 8.52 
Domestic SePTTT Te ery Tr? tere. 
a Perey ere 36% x $43.50* — 15.66 
Avg. Cost per Ton 44.18 
Basic Practice 
PE hr ndcceh ia saaeenbinas ee eaee 27% x $66.00 = 17.82 
Domestic Sch 05.54 R a sinaweneeseces/ eth nn, a a 
ny ae re eee een ee 21% x $30.75 — 6.46 
Avg. Cost per Ton 44.28 


* Avg. purchased scrap — cost per ton. 





It can be seen that the cost of the metallic charges 
of acid and basic in cold metal operation are rela- 
tively close, contrary to general belief. The fact 
that the basic furnace requires a larger percentage 
of pig iron than the acid, minimizes or counteracts 
the cheapness of basic scrap. Even the use of low 
phosphorus pig does not materially upset the relation- 
ship due to the small amount required to make acid 
heats. 

It must be remembered that in a foundry such as 
the author’s company’s, the domestic scrap has to be 
utilized at a rate of about 50 to 40 per cent of the 
charge. This fact minimizes the amount of cheap 
scrap, such as No. 2 bundles, etc., which can be used 
in a basic practice foundry. 

The cost of basic increases faster than acid when 
higher carbon steels are to be cast. An 0.80 per cent 
carbon steel, for instance, would work out about as 
follows: 





0.80% Carbon Steels 











Acid Practice — (Bessemer Pig) 

Charge Cost/Ton 

tei tks wakes shanns ceca Steen 25%, x $67.00 = 16.75 

Se ws eeeeee + - 50% x $40.00 = 20.00 

ES 8 ea ree ME ..++.+-23% x $43.50 = 10.00 
Avg. cost per ton 46.75 

Basic Practice 
eee ri . 50% x $66.00 = 33.00 
EE ET ee .482% x $40.00 = 19.20 





Avg. cost per ton 52.20 





OPERATIONAL COST COMPARISON 


The basic open hearth is primarily adaptable to 
the manufacture of low carbon steel. As has been 
previously shown, it gradually loses this economy as 
the carbon content of the steel increases, but that 
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COMPARATIVE 
FURNACE COSTS 











Combined furnace and operating cost differentials be- 
tween acid and basic steel making practice. 





this higher cost is minimized by hot metal, duplex 
and oxygen injection practices. 

However, the basic furnace further presents the 
problem of furnace erosion which far exceeds that 
of acid practice. Under good operational conditions, 
the best average life of a basic furnace is approxi- 
mately 400 heats. The life of an acid furnace 
almost entirely depends upon the skill of the operator, 
and will average from 400 to 1600 heats. The ladle 
life is approximately four to one in favor of acid. 
The average life of the furnace and ladle at the 
author’s company is about 1500 and 60, respectively. 

When the differential costs of metallic charges 
and furnace life are combined, one can see just 
when it pays to use and when not to use certain 
type furnace practices. To this must be added the 
extra cost of lime, fluorspar, scale, etc., which are 
needed to operate a basic as compared to sand alone 
in the acid practice. 

The figure shows diagrammatically the combined 
furnace and operating cost differentials between acid 
and basic. As can be seen by the figure, the cost of 
acid steel is tremendous in the low carbon steels, 
whereas the basic is cheap, comparatively. 

Area A represents rimmed, semi-killed and other 
steels under 0.20 per cent carbon. It is practically 
impossible to get an acid heat down below 0.09 
per cent carbon, whereas a basic furnace can charge 
low pig percentages and load the furnace up with 
cheap scrap and can lower the carbon down to 0.01 
per cent carbon or less. 

However, as soon as an acid furnace gets into a 
carbon’ range which it can make, its comparative 
cost drops rapidly, due mainly to its long furnace 
life. 

Area B is the higher carbon ranges where acid is 
cheaper than basic. At some carbon content the 
comparative costs of metallic charges and furnace 
life are equal in the two practices. At the author's 
company the costs balance at about 0.20 per cent 
carbon. In making 0.20 per cent carbon steel in an 
acid, the tapping carbon would have to go down to 
possibly 0.10 to 0.12 per cent in most cases to be able 
to use regular chromium and manganese additions, 


unless more expensive low carbon chromium and 
manganese were used. This low tapping carbon 
lengthens the time on heats and destroys some of the 
good furnace life of the acid furnace. 

However, as soon as an acid furnace is able to 
operate normally, its comparative cost drops rapidly. 
In acid shops which do not get good furnace life, 
either due to type of product, poor furnace design 
or for other reasons, the carbon location where the 
acid becomes cheaper will increase. For instance, at 
some acid plants the average furnace life of the acid 
is around 400 heats, less than one-quarter of that 
at the author’s company. It is, therefore, possible 
that it may pay them to install basic practice, even 
though a major part of their steel is around 0.30 
per cent carbon. It would not pay to do this at the 
author’s company, because the costs are better than 
basic above 0.20 per cent carbon chiefly due to 1600 
heat furnace life. 

Everyone realizes the excessive cost of making low 
carbon acid or high carbon basic. However, most 
foundries debate the point where the costs of operat- 
ing these two practices cross each other, since most 
castings are around 0.30 per cent carbon. It is impor- 
tant to stop and take all factors into consideration 
before making decisions. When acid furnaces last 
1600 heats, it takes a lot of quality improvement 
from the basic steel making operating to make a basic 
furnace pay off. This is particularly true after the 
fact is recognized that most casting defects, such as 
hot tearing, shrinkage, etc., are physical defects com- 
mon to both acid and basic, and only eliminated by 
scientific heading and gating and foundry’s know how. 

The excellent job being done at the author’s com- 
pany on furnace operation, together with the metal- 
lurgical practice being used, which combats the ill 
effect of sulfur, makes acid steel competitive beyond 
reach in the company. 


FLUIDITY AND ITS SIGNIFICANCE 


Acid steel naturally has some unfavorable char- 
acteristics, but most of these conditions can be offset 
with some little thought. 

















Acid steel furnaces have tremendous life which 
makes its operating costs cheap. How can this good 
feature be retained, and offset the effects of phos- 
phorus and sulfur which are reputed to be the 
main barriers? 

Phosphorus, contrary to popular belief, is what 
makes acid steel the fine product that it is. If acid 
steel did not contain phosphorus, the author would 
not be able to write this paper highly in its favor. 
The fact that acid steel contains phosphorus, and 
plus the fact that acid slag in the ladle is so refrac- 
tory that it holds ladle temperature over longer 
periods of time than basic slag, makes it possible 
to produce high quality, low cost products. 

Phosphorus produces fluidity which can be retained 
over long pouring periods with the help of a re- 
fractory acid slag covering the metal in the ladle. 
This fluidity characteristic allows acid steel to. be 
tapped and poured at lower temperatures and, con- 
sequently, deoxidized with silicon alone which is a 
weak deoxidizer, which is the compensating factor 
in combatting sulfur. 

With silicon deoxidation alone, steel is susceptible 
to porosity above 2850F pouring temperature: 

The fluidity and rate of temperature loss in an 
acid heat allows a 2850F pouring temperature to 
pour a considerable length of time. A basic heat 
poured at 2850F will become sticky in much less 
time. In order for a basic heat to pour approximately 
as long as the acid, it must be poured hotter to begin 
with, possibly 50 F hotter. This excessive temperature 
above 2850F requires that aluminum be added, as 
known. 

If one large casting were poured, for instance, 
where the pouring would only cover a few minutes, 
both acid and basic heats could be poured low and 
the same temperature. In longer pouring operations 
the basic has to compensate for lack of fluidity by 
increasing pouring temperature which requires alu- 
minum deoxidation. 

Phosphorus in acid steel, therefore, allows low 
temperature, weak deoxidation for the important job 
of combatting sulfur. This makes acid steel competi- 
tive to basic in quality plus the factor of high furnace 
life. 


ACID AND BASIC QUALITY 


This paper does not pertain to research, but is 
written to acquaint everyone with the two practices 
in question. It is a conclusion that basic quality, as 
detected by physical tests, is at a slightly higher level 
than acid steel. However, the best practice is always 
the one that has the most dollars left. 

Another undesirable characteristic of acid steel 
making is the strong affinity of acid slags for man- 
ganese. It is not uncommon, when manganese is 
added to the furnace, to lose from 20 per cent on 
higher carbon grades, to 50 per cent on low carbon 
grades. Furthermore it is difficult to maintain a great 
degree of consistency. This inconsistency is partic- 
ularly true if an attempt to speed up production 
with sharp furnace operation and fast melting is made, 
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an operating condition which is naturally more eco- 
nomical and is believed by many to give the best acid 
product. 

In order to acquire any degree of consistency in 
manganese when added to the bath, the addition 
must be made with a uniform lump size, and the 
heats must be tapped almost with stop-watch timing. 
Delays in tapping fast and slow taps or any variation 
of slag viscosities all affect the final manganese. 


Research in steel making should serve a two-fold 
purpose. It first tells us what happens chemically 
and thermodynamically under given temperature con- 
ditions. Secondly, it should tell us if and how we can 
readjust our practices to a more economical one. 
There is nothing in the field of thermo-chemistry 
which says that any addition has to be made in the 
furnace. As far as the metal is concerned, the same 
thermo-chemical reactions occur, at a specific tem- 
perature, whether that metal is in the furnace or in 
the ladle. The only problem of adding manganese 
to the ladle is a physical one, that of getting it 
thoroughly melted and uniformly mixed. 

Silico-manganese is a fast melting manganese alloy 
at normal steel making temperatures. Under proper 
condition this alloy could be safely added to the 
ladle. The author’s company manufactures an auto- 
matic ladle feeder system which adds ladle additions 
at any desired speed. This equipment automatically 
weighs and feeds at any rate desired by the operator. 
When silico-manganese is added to the ladle the 
efficiency consistently exceeds 90 per cent, as com- 
pared to an average of 72 per cent for ferro or 
silico-manganese added to the furnace. 

There is not much difference in cost between the 
practice of using silico-manganese or ferro-manganese 
plus 50 per cent silicon. However, since we are 
discussing the economy of ladle vs. furnace additions 
and recommend silico-manganese, crushed, as a ladle 
addition, the following is an example of how this 
practice would affect costs. 

The foundry in question makes approximately 2000 
tons of castings per month with manganese contents 
ranging from 0.60 to 1.25 per cent. 


1) Avg. amount of silico-manganese 


FE rrr a ere 89,000 
2) Avg. amount of ferro-manganese added 

Pe I OI Sao ncs kann > se odiSals 4.0 edewen 77,000 
3) If ferro-manganese were converted to 

silico-manganese avg. amount added 

ee I ion oc25 o4inw a nenele aumemns 87,010 
4) If all manganese were added as silico- 

manganese to the furnace. Amount added/ 

Ei dis 5 alias ss ecad on hd bce Raw ae kat 176,010 

SG nS bce ckwewshcabsk>keeeeaeewuesen 72 

Efficiency if added to ladle, % «.............. “a 90 

Ee IN, SE. oh gin e's vices sees caver eaneN ees 18 

| 5 SR a ee ere er mee ee 31,700 

I ds bra on) 06 ac cnth <a ebA eg ehenatnaanon 12.8 

NR, OD oceinay dc ancine sist eearnmrtiexds 3,899.00 

GE covsaccnrecanceswessntuteaatals bob? 46,788.00 

ETE GUS 55 en ogc non cahonepeleasensebeten 1.95 


This shows that there are great possibilities of 
decreasing costs if advantage is taken of metallurgical 
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knowledge and applying it to practices. For many 
years manganese has been added to the furnace. There 
is no just reason why this should continue in all 
cases. A little bit of thought should be given to the 
size heat, the type of manganese, its crushed size and 
to the method and equipment needed. If it is possible 
to add manganese to the ladle it should be done. 


With the steady increase in material and labor 
costs taking place today, no company can afford not 
to take advantage of every opportunity to make steel 
more cheaply without sacrifice to quality. There is 
just as big a job breaking down old practical theories 
and practices as there is in developing new practices 
based upon sound research. 


If asked to state the one greatest single cost in 
manufacturing open hearth steel, furnace life takes 
first place. Costs of rebuilds, idle man hours and loss 
of production are all heavy costs which bring back 
nothing in return. If we took stock of all the acid 
open hearths in the country it would be found that 
furnace lives varies from 400 to 1600 heats. This not 
only shows the possibilities of the process, but that 
the acid industry as a whole is not sufficiently cost 
conscious or cost intelligent. 


The difference between 400 and 1600 heats in acid 
open hearth production is not much different than 
good basic operation (400 heats) and good acid 
operation (1600 heats). This is the approximate 
difference in cold metal stationary practice. 


Certainly, all the above differences in furnace life 
are known. Why do some use acid and some basic? 
Why do some acid practices give life four times 
that of others? These questions can be easily answered 
since it is obvious that many plants are doing a poor 
job, probably from several standpoints. 


RESEARCH CONTRIBUTIONS 


There have been several valuable research contri- 
butions given to the foundry industry within the last 
several years, by the various foundry societies and 
by individuals. Whether you feel these research proj- 
ects apply directly to you or not, or whether they are 
correct or incorrect does not detract from their value 
to the industry. There are many of these projects 
which apply to all which we either do not believe 
or have not taken time to apply them. 


Every research project meets with heavy opposition 
and sOmetimes do seem to be incorrect. However, 
steel making is a big problem, and no research 
project covers more than a small part of that prob- 
lem. The chances are that most research is correct, 
literally, but must be pieced together to make a 
good practice. 


There are many problems both in the foundry 
and in the open hearth that have big influences and 
spell the difference between progress and good costs 
or poor practice and high costs. A few of the most 
important and influential problems are listed with 
the reasons why they are so important: 





a) How should an acid open hearth be run to give longest life 
and the best quality? Do the conditions which produce a 
long life coincide with the conditions which produce the best 
quality? 


b) Should an acid furnace heat be operated and refined to give 
a high and consistent efficiency on furnace additions? Does 
quality acid steel coincide with scientific viscosity and low 
slag oxidation control? 


c) Can an acid open hearth be operated on a production basis, 
i.e., highly oxidizing furnace atmosphere, relatively low silicon 
and pig iron charge, large percentage of rusty and light scrap, 
highly active heats with fast carbon drops? Is this a positive 
or negative approach to quality? Is this conducive to long or 
short furnace life? 


~— 


d) Scientifically, how should an acid heat be deoxidized? Does 
the sulfur content influence our decision? When we use com- 
plex or special deoxidizers are we substituting dollars for 


know how? 


~— 


What is a hot tear? How much is progress slowed down by 
blaming this defect partially or wholly upon the open hearth 
without exerting whole-hearted effort on the foundry where 
it belongs? 


e 


~~ 


f) How many companies can distinguish between porosity caused 
by under-deoxidation and that caused by improper gating 
and planning? 


What is the importance of scientific heading, gating and 
chilling on the soundness and hot tearing? 


eS 
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Naturally, I believe the above questions are the 
most important and spell the difference between good 
and bad practice. 


All the above questions have both scientific and 
practical proof. In the various plants at the author’s 
company, each has been confronted, and the company 
believes that the right answer is a must. Being con- 
nected with research and steel making practice, it 
is the author’s belief that acid steel has exceptional 
possibilities from both a quality and cost standpoint. 
In order to insure quality in acid steel we have to 
know the basic fundamentals of what we are trying to 
accomplish and run the furnaces accordingly. The 
practice that is fundamental for good quality is also 
fundamental for long furnace life. 


In answer to the above questions, the author be- 
lieves that all good acid steel making hinges around 
the ability to highly oxidize and retain all the oxygen 
possible in the finish product short of porosity. If this 
is true, there should be no half-way measures. If it 
requires an oxidizing condition, the furnace must 
be built and designed to be sharp. It must be eperated 
to burn all the fuel possible as long as it is burnt 
before it reaches the last door. In other words, a 
furnace must be operated with adequate or excess 
air. It must be remembered that practically all the 
oxidation which takes place in an acid furnace must 
occur before the bath is melted and covered with 
slag. The oxidation of the slag continually decreases 
after the bath is covered with it. 


If excess oxidation is needed, and all of it must take 
place before the bath is covered with slag, then 
everything that is done prior to that point is impor- 
tant. If a sharp oxidizing flame is necessary. prior to 
meltdown in order to get enough oxidation, then 
it is just as important to think about the carbon 

















and silicon and the amount of rusty scrap to help 
out, or to insure enough oxidation or to avoid 
destroying it. If we have the correct type of furnace 
and operate it correctly, an acid heat can be charged 
with a good amount of rusty scrap, relatively low 
silicon and pig iron and still melt high enough in 
carbon. Such a heat will melt down with an active 
boil, get hot quick and drop fast. 

Such a practice makes the finest acid heat possible 
even though at this point its control may be ques- 
tionable. At this particular moment, it answers none 
of the requirements which have been in scientific 
papers or investigations. However, it does answer 
one of the fundamentals of making acid steel with 
a high sulfur content. The aim is to. combat this 
sulfur with oxygen, the only possible way to do it. 


DEOXIDATION 


On such a heat, the slag will be black, the heat 
will be active and the carbon will be dropping fast. 
The efficiency of manganese, silicon, etc., added to 
such a heat would be poor, with losses from 40 to 
50 per cent. Blocking with silicon alone would slow 
down the carbon drop but would not greatly improve 
the efficiency. Silicon, as a deoxidizer at higher tem- 
peratures, is so weak that its value is greatly lessened 
on such an oxidizing practice. 

Even though high oxidation is the first step in 
making quality acid steel, it does not end with making 
a fast wild heat with poor control and poor alloy 
efficiency. Much more has to be done to control the 
practice and retain this quality. 

The author's company has developed a control 
alloy which is designed to shape these heats up within 
a few minutes regardless of their activity without 
greatly deoxidizing them. This alloy contains 68 per 
cent iron, 26 per cent silicon and 6 per cent aluminum. 
The alloy is added in | to 2 in. size at 6 lb/ton to 
the bath as a block. The alloy is developed as an 
aluminum carrier of 0.36 lb of aluminum/ton of 
metal, which enters the slag. 

This addition lowers the iron oxide in the slag 
sufficiently to stop transfer of iron oxide to the 
metal, thus stopping the boiling action. There is 
little or no deoxidation of the metal even though all 
activity stops. The alloy melts slowly, requiring 5 min 
to gradually stop activity. A bath deoxidized in this 
manner will remain dead indefinitely on an acid 
furnace, even though only a small amount of de- 
oxidation has been done. After the aluminum /silicon- 
iron alloy has stopped activity, silicon and ferro- 
manganese or silico-manganese is added for specifica- 
tion. Such a practice is an additional step in retaining 
high oxidation and gaining control of carbon. Such 
a practice, however, will not insure freedom from 
porosity unless further steps are taken. One of these 
precautions is temperature control. 


Porosity Control 


Research has shown that pouring temperature, 
silicon content and carbon content are all related to 
porosity control. For instance at 0.40 per cent silicon, 
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0.30 per cent carbon steel must be poured under 
2850 F. As the carbon lowers 2850 F becomes more 
safe, and above 0.30 per cent carbon this temperature 
becomes less safe. Therefore temperatures are adjusted 
according to the carbon specification. 


Naturally, making good acid steel becomes an in- 
volved problem, and there is no part of it that can 
be left unnoticed. We all recognize that in making 
all size heats a multitude of shapes and designs, etc., 
errors in temperature control are possible. The prob- 
lems: in retaining as much oxidation as _ possible, 
and at the same time avoiding porosity, becomes 
highly involved. To take chances on getting porosity 
or to overdeoxidize acid steel due to its sulfur content 
cannot be afforded. 


One of the most useful of all research projects on 
deoxidation was done at the author's company. It 
was not basic research, but a study of literature on 
the thermodynamic behavior of carbon, silicon and 
aluminum done previously by several investigators. 
From this work were drawn curves and charts which 
showed its practical applications. From a knowledge 
of the behavior of these three elements we are able 
to use specific small amounts of aluminum to guard 
against porosity without lowering final deoxidation. 


It is recognized that if the final oxygen level of 
steel up to a certain carbon content is controlled by 
silicon, good physical properties will result due to 
proper inclusion type. This is not safe against poros- 
ity, however, under all operating conditions. It is 
not safe enough at the instant the steel enters the 
mold, the time when porosity occurs. The temperature 
may or may not be cool enough for silicon to do 
its work under all conditions. It would only require 
a slightly lower oxygen to make the job safe. If only 
a small amount of aluminum is added, both the 
aluminum and a small amount of oxygen will be 
eliminated, after which the silicon will be strong 
enough after the temperature drops slightly. 


DEOXIDATION PRACTICE 


The author’s company has devised a deoxidation 
practice which varies with the carbon content and 
somewhat is dependent upon the type of castings 
being poured (Table). 


HOT TEARING AND POROSITY 


It has been established that hot tearing is a physical 
defect and in no way related to the term steel quality. 
The susceptibility to hot tearing is entirely dependent 
upon the carbon content and its selective freezing 
phenomena. The incidence of hot tearing, that is, 
the amount of hot tearing we get, why its occurrence 
is so erratic, etc., is a more involved question. 


Every grade of steel has a different selective freez- 
ing phenomenon. Even though the carbon content 
controls the lower temperature limit at which hot 
tearing can occur, the composition other than carbon 
greatly affects the temperature where the steel starts 
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DEOXIDATION PRACTICE 











lb/ton 
Aluminum Ladle Total 
Grade Carbon, in Fce, as Alumi- Alumi- 
Code % Al-Si-Fe alloy num num 
l 0.30 C min. 0.36 0.125 0.485 
2 0.30-0.35 C. 0.36 0.125 0.485 
3 0.32-0.38 C. 0.36 0.125 0.485 
4 0.30-0.40 C. 0.36 0.125 0.485 
5 0.30-0.40 C. 0.36 0.125 0.485 
6 0.30 C max. 0.36 0.250 0.61 
7 0.20-0.25 C. 0.36 0.250 0.61 
8 0.25-0.30 C. 0.36 0.250 0.61 
9 0.25-0.35 C. 0.36 0.250 0.61 
10 0.25-0.35 C. 0.36 0.250 0.61 
ll 0.35-0.40 C. 0.36 2.50 2.85 
12 0.40-0.45 C. 0.36 2.50° 2.85 
13 0.50-0.55 C. 0.36 2.50 2.85 
14 0.65-0.75 C. 0.36 2.50 2.85 
15 0.27-0.32 C. 0.60 None 0.60 
16 0.30-0.40 C. 0.36 None 0.36 
17 0.28-0.32 C. None None None 


Nore: Steels 1 to 10 inclusive, are grades where it is possible to 
eliminate porosity with mild deoxidation and Type | 


inclusions. 


Steels 11 to 14 inclusive, are grades which are impossible 
to deoxidize mildly and must be deoxidized to Type 3 in- 


clusions. 


Steel 15 is a high alloy steel. 


Steel 16 is an alloy steel requiring room temperature 


izod impact tests. 


Steel 17 is an alloy steel requiring sub-zero charpy im- 


pact tests. 





to freeze. Some steels freeze over a wide range of 
temperature, while other compositions narrow this 
temperature range. 

The actual cause of hot tearing is stresses acting 
upon a steel during its susceptible temperature range. 
All hot tears occur between the time they start to 
freeze and the lower hot tear temperature limit. On 
most foundry grades of steel, all hot tears occur 
above 2550 F. If all tearing is caused by one section 
of the casting pulling on another section, which is 
above 2550 F, then the solution to the problem lies 
chiefly in planning the chills, heads, and gates, to 
avoid this excessive temperature differential. 

The only connection the open hearth or steel 
making furnaces has with hot tearing is the assistance 
it can offer in supplying consistent pouring tempera- 
tures. It is almost impossible to plan intelligently 
unless ‘consistent pouring temperatures are supplied 
to the foundry. 

Much has been written in recent years about the 
subject of hot tearing and we will not go into the 
subject here. However, it is important to mention 
the fact that much progress on scientific heading and 
gating has been deterred by placing the blame for 
hot tearing on the steel making process. 


POROSITY SOURCES 


Porosity is an important problem in the manu- 
facture of steel castings. It is important because poros- 


ity can originate from several sources. Unless they 
are understood the tendency naturally is to over- 
deoxidize or spend a lot of money for special de- 
oxidizers. In the plants of the author’s company 
where a large variety of compositions and casting 
sizes and designs are made, porosity comes from two 
sources. 

The main source is furnace deoxidation due to 
the fact that the approach used calls for mild de- 
oxidations and relatively low pouring temperature. 
The second source of porosity danger lies in_ the 
association of a relatively low temperature pouring 
practice with certain casting designs. Much care 
must be taken to avoid filming or partial freezing of 
the surface of the metal on certain thin sections while 
the castings are being poured. On many large intri- 
cate castings either they must be gated to produce 
more turbulance or poured at a higher rate and 
temperature to avoid filming or partial freezing on 
certain sections while the casting is filling. The sur- 
face of the metal will oxidize severely if it films or 
partially freezes, and when folded under, will boil 
and cause porosity. 

In the author’s company’s plant all porous condi- 
tions are carefully analyzed to first determine their 
cause before any steps are taken. Furnace deoxidation 
is the chief cause of porosity in the company, however, 
in certain cases the planning has to be checked. 


















ABSTRACT 


The authors present a description of a lining-less 
water cooled hot blast cupola being used for produc- 
tion of high strength gray iron machine component 
castings. Furnace construction, refractory practice, 
water cooling system, hot blast system and operating 
techniques are described. Stress is laid on the principle 
that gains in casting quality through improved control 
are more significant than the well recognized cost re- 
ductions possible with this type of melting unit. 


INTRODUCTION 


Previous publications of the American Foundry- 
men’s Society have described to cupola furnace oper- 
ators, the metallurgical theory and the experimental 
installations that have gone into development of the 
externally-cooled lining-less, controlled slag, hot blast 
cupola.! This paper intends to portray from the 
foundryman’s viewpoint a production installation of 
this type furnace that has been successfully operating 
at the author’s company since Oct. 1958. 

Data are presented to illustrate the principle that 
these furnaces can be used economically to produce 
high strength gray iron within close composition 
limits, while achieving a higher degree of cleanliness 
and castability than has been obtained with conven- 
tional acid or basic cupola melting units. 

Objectives of the installation were manifold. First 
and paramount was the need to develop a melting 
practice that enables a close control over variations in 
metal analysis, i.e., carbon and silicon. Conventional 
basic melting as practiced in the foundry resulted in 
wide variations in carbon that often were found un- 
desirable when producing class 30 and class 40 inocu- 
lated gray irons for machine tool components. 

The company desired to combine the advantages of 
basic melting, such as usage of low cost raw materials, 
production of hot, unoxidized metal and reduction of 
metal wastage resulting from down time and inferior 
starting conditions, with a means to more closely con- 
trol the chemistry and thereby the mechanical prop- 
erties of the metal. 


Other advantages to be realized that were rated as 
significant but less important were: 


M. E. ROLLMAN is Fdy. Supt., and D. J. PUSAK is Fdy. Met., 
The Cincinnati Milling Machine Co., Cincinnati, Ohio. 


60-78 


LINING-LESS 
WATER-COOLED CUPOLA 
OPERATING EXPERIENCE 


by M. E. Rollman and D. J. Pusack 


1) Reduction in cost through negligible refractory 
consumption. 

2) Reduction of cupola maintenance labor cost. 

3) Reduction in fuel cost through coke savings. 

4) Reduction in cost of silicon and manganese through 
decreased melting loss of these components. 

5) Improvement in flexibility of foundry pouring 
schedules by utilizing one grade of closely con- 
trolled base metal, modified by ladle alloy addi- 
tions, to make castings ranging in weight from a 
few ounces to 40,000 Ibs and in section from 4 to 
6 in. 


FURNACE DESCRIPTION 


The furnace melting section is a one in. thick mild 
steel she’! 1314-ft high rolled into a modified cone as 
illustrated (Fig. 1). Diameters of the various zones are 
70 in. in the well, 54 in. at the top of the combustion 
zone and 50 in. at the top of the preheat zone where 
the cone is flanged to the charging section. Ports are 





Fig. 1— General view of furnace installation. 
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Fig. 2 — Cooling tower for recirculating cooling water. 
Capacity of tower was planned for two cupolas operat- 
ing simultaneously. 


provided through the shell for the placement of six 
flange-connected, fabricated copper water-cooled tu- 
yeres. The tuyeres have an external diameter of 8 in. 
and internal diameter of 5 in. 


Projection of the tuyere body into the cupola is 12 
in. They are inclined downwards from the horizontal 
by 15 degrees. Within the tuyere, the cooling water is 
conducted to and away from the nose by 54-in. diam- 
eter tubing to prevent vapor locks. 


The shell of the cupola is externally cooled by a 
curtain of water flowing down the cone from the 1314- 
ft height into a gutter immediately below the tuyeres. 
Two 180 degree water pipe segments are used to jet 
the water against the shell. The film is maintained by 
a shield below the spray ring with a ¢-in. gap. 
Supplemental spray ring cooling is employed in the 
well section from the upper gutter down to the 
cupola base. 


The 1314-ft melting section is flanged with an ex- 
pansion joint to the original 66 in. diameter charging 
door section and stack. The expansion joint is packed 
with asbestos rope, and protected internally by an 
overhanging nose on the lowest row of heat resistant 
cast iron charging block. Erection of the melting sec- 
tion was effected by adding structural support to the 
original stack below charging door level, cutting away 
the original melting section and base plate, inserting 
the new melting section and base plate and flanging 
to the old stack as described. 


REFRACTORY CONSTRUCTION 


A carbon block lining is installed in the well section 
of the furnace. Two courses of chrome-magnesite 214- 
in. key brick sit upon the bottom plate which has an 
opening of 48 in. diameter. These form the base for 
nine large carbon well blocks and one carbon breast 
block, which stand 24 in. high immediately in front 


of one row of 9 in. carbon arches placed next to the 
shell. The breast block has a nose which projects 
through the breast opening of the shell 514-in. A 
milled slot in the breast block receives key bricks 21 
in. long which form the taphole, and are replaceable 
at weekly intervals. The lower key is magnesite and 
the upper is carbon. 

The original design provided for an additional 
course of smaller carbon blocks to set above the large 
blocks and between the six tuyeres. Carbon paste was 
used to ram immediately adjacent to the tuyere bodies. 
Operating experience has demonstrated that these 
blocks and paste are not durable in contact with the 
oxygen of the preheated blast. Therefore a contour 
patch of gun emplaced dojomitic refractory is filled 
in at tuyere level and carried up the side wall 14-in. 
thick for 2 ft. No refractories are used in the upper 
combustion zone or preheat zone. 

Repair is performed once a week on the carbon 
block during the weekend shutdown, using carbon 
paste patching to maintain an internal well diameter 
of 54 in. During repair, the heated and softened paste 
is bonded to the parent blocks with a coating of 150 F 
pitch tar cement. Air ramming is used to achieve a 
dense structure. After gunning the dolomite refrac- 
tory above the carbon paste patch, the doors are 
closed and a molding sand bottom is rammed to a 
depth of 12 in. 

The top of the sand is covered with a 2 in. layer of 
high alumina ramming mix to retard bottom erosion 
and prevent early formation of an iron and slag skull 
in the well. This particular practice has improved 
initial metal temperature and fluidity on start up after 
night time banking. Hot coke, burning with natural 
draft, is charged into the cupola immediately after 
repair, to dry and glaze the refractory patch and pro- 
vide a base for rapid bed preparation on Monday 
morning. 

The front slagging cupola spout is lined with a 
composite structure of carbon and _ basic bricks. 
Chrome-magnesite straights are used up to the slag 
metal interface and carbon bricks above this to the 
edge of the slag spout. Dam bricks and runway bricks 
beyond the dam are chrome-magnesite. During opera- 
tion, the slag pool is covered with a heavy layer of 
charcoal and vermiculite to insulate the molten slag 
and protect the carbon brick from oxidation. Further 
attention to the spout is unnecessary during the day’s 
melting. Some patching of the breast face and cupola 
runway is required each morning prior to tapout. 


COOLING WATER SYSTEM 


Cooling water for the cupola is continuously re- 
circulated at a rate of 220 gpm. The heated water from 
the cupola is pumped through an induced draft 
evaporative cooling tower at the rate of 350 gpm 
(Fig. 2). After cooling, 130 gpm is used as continuous 
dilution of the hot 220 gpm flowing by gravity from 
the cupola. Effluent temperatures of 140 F can be 
reduced under summertime conditions to 90 F. Evap- 
orative losses are approximately 5 per cent. An auto- 
matically operating safety valve is installed on an 
alternate water supply to provide instantaneous flow 
in the event of pump or power failure. 
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Fig. 3 — Furnace control panel showing 1) stack gas 
temperature recorder, 2) air blast preheat control, 3) 
high limit scanner, 4) air weight controller, 5) bustle 
pipe pressure recorder and 6) blower and burner start- 
ing switches. 


HOT BLAST SYSTEM 


Several years melting experience with the cold blast 
water-jacketed cupolas provided convincing, although 
negative evidence, that a preheated air blast would be 
necessary for successful water cooled lining-less opera- 
tion. Characteristic of any cold blast operation is a 
spread-out combustion zone with a relatively high zone 
of free oxygen above the tuyeres, followed by another 
high zone of CO-CO, gas mixture where melting oc- 
curs. Observation of refractory burnout in a conven- 
tional cupola customarily reveals this high tempera- 
ture zone existing to a height of 42-48 in. above the 
tuyeres. 

Substitution of water cooling for refractory provides 
the opportunity for high rates of heat extraction 
along the side walls, with consequent vertical enlarge- 
ment of the zone of free oxygen and distinct reduction 
in the degree of superheat attainable in the metal. 


The principal advantage that is obtained from the 
use of a preheated blast is to compress and restrict the 
vertical height of the combustion zone. This minimizes 
the height of the free oxygen zone existing above the 
tuyeres with consequent cleaner, hotter melting. It 
also reduces the loss of heat units to the cooling medi- 
um at the point where they are most needed to pro- 
duce a satisfactory degree of metal superheat. Obser- 
vation of metal shell temperatures during melting 
indicates an intensely hot combustion zone to a height 
of only 18 in. above the tuyeres. 

An additional advantage is that the requirement 
for coke fuel is reduced by virtue of the sensible heat 
of the entering air blast. 


The hot blast installation on the new cupola (Fig. 
3) is used as a melting control tool to attain the ob- 
jective of hot, clean, fast melting. At the same time, 
manipulation of the temperature output of the hot 
blast burners provides a means to continuously correct 
variations in melting conditions. Laboratory results 
at 20-30 min intervals on carbon content are the basis 
for alterations of blast temperature to maintain the 
desired mean level of individual carbons within a 20 
point range. 


Fundamental considerations in cupola practice such 
as coke percentage, slag basicity, air volume, choice of 
raw materials, etc., are still vital to establish the mean 
carbon content at the desired level while achieving 
the necessary degree of metal fluidity and cleanliness. 
Alterations in blast temperature during the progress 
of a particular heat are kept within fairly well estab- 
lished limits of + 100 F to over-ride the unpredictable 
melting variations with which every cupola operator 
is familiar. Wide alterations in blast temperature will 
produce adverse effects on metal fluidity and degree 
of oxidation that should be avoided. 


SLAG CONTROL 


After establishing a given make up of charge, coke 
volume, average air blast temperature and volume in 





the lining-less cupola, the most useful tool to bring 
about a fundamental change of mean carbon content 
is slag control. It is unfortunate that no convenient, 
rapid yet precise method for slag analysis, i.e., basicity 
ratio, is available to the operating metallurgist. How- 
ever slag fractures and color charts provide a crude 
method of estimating results on a continuous basis. 

Changes in mixtures of fluxing materials such as 
limestone, fluorspar, return slag and silica pebbles 
can be made during the heat as desired to produce 
carbon contents of 3.00 per cent to over 4.00 per cent 
from the same mix with varying degrees of silicon loss 
and sulfur removal. 


The externally fired hot blast equipment is the 
vertical finned-tube type. Three 29 ft units in parallel, 
installed between the cupola operating deck and the 
roof line, can preheat 4000 cfm of air to 900 F and 
5000 cfm to 700 F using natural gas or oil for fuel. 
Heated air from the three units is mixed in a bustle 
pipe and delivered through stainless steel downcomers 
to the six tuyeres. Flame control is accomplished 
through a thermocouple and controller system acting 
upon a modulating valve to continuously vary each 
burner’s output from 800,000 Btu/hr to 1,800,000 
Btu/hr. 
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Thermocouple signals from each tube are scanned 
by one high limit control at 20 sec intervals to prevent 
overheating of individual units. A bypass stack to 
atmosphere allows for short shutdowns in melting 
without losing air blast temperature control. The 
burner controls are interlocked with the cupola blower 
to provide for shutoff in event of air blast failure. 

Our choice of this type of externally fired preheat- 
ing equipment has provided operating simplicity and 
flexibility. There are no cleaning problems or thermal 
lag at startup as usually encountered on the recuper- 
ative type. Floor space requirements are an absolute 
minimum due to the vertical installation. Operating 
economies have proved to be substantial even after 
offsetting coke savings with natural gas cost. Coke con- 
sumption has decreased 15 per cent compared with 
the former basic practice, while still achieving high 
metal temperatures. Gas cost has partially offset this 
saving so a net reduction of 12 per cent in melting 
fuel costs is realized. 


OPERATING FEATURES 


The new cupola is operated 8 to 9 melting hr/day 
for 5 consecutive days each week. Draining and bank- 
ing of the furnace is done after each day’s melt. Repair 
of well, breast and front slagging trough is done on 
Saturday. Each morning including Monday a residue 
of ignited coke is available in the well to initiate com- 
bustion during bed preparation. The coke bed is 
burned in to a height of 40-45 in. using thermocouple 
measurement of the gas temperature at the charging 
door to reproduce initial conditions closely. 

During meltdown the blast temperature is adjusted 
to 500 F at a volume of 5000 cim. This high air volume 
with a high initial bed assists in achieving hot fluid 
melting at tap out time. The tap hole is opened with 
an oxygen lance when the well is full. Adjustments 
in blast temperature and blast volume are made as the 
early period of control and fluidity difficulty passes. 
Normal valves are 4600 cfm at 500-600 F. 

Data are presented in Figure 4 illustrating the de- 
gree of control of total carbon achieved in the new 
furnace, presented on a statistical quality control chart. 
Comparative data for other types of melting in pre- 
vious years are presented also. Results were selected 
on the same class of high strength inoculated iron 
during the similar season of the year to rule out 
variations due to atmospheric conditions. 

The data presented are based on the statistical 
theory of a moving range for individual carbons. The 
following definitions apply: 





Mean Carbon...... Xx = 3° 
Mean Range ...... R= 
> (X,— X,) + (X.— X,) + --- (Xa — Xa) 
n 

Upper Control 

See UCL =X + 2.66R 
Lower Control 

ep LCL = X — 2.66R 


Control limits are defined as statistical limits for 
normal populations of data, and are not to be con- 












sidered as specification limits. They include 99.7 per 
cent of the variables. 

The new process achieves a mean range between 
successive samples of 0.06 per cent and a population 
spread (UCL minus LCL) of just 0.32 per cent as com- 
pared to R of 0.11 per cent, UCL minus LCL of 0.58 
per cent in the conventional basic melting, R of 0.09 
per cent and UCL minus LCL of 0.48 per cent in the 
cold blast water cooled melting. These reductions in 
value are statistically significant on a control chart 
for individual carbons, and represent a distinct im- 
provement in the control of the melting process. 
Stated another way, it can be expected with statistical 
confidence that 95 per cent of individual carbon values 
will fall within a 20 point range. 

With this close control of carbon content at hand 
it is possible to melt a single base iron, modify with 
suitable ladle additions of ferrosilicon and inoculate 
with alkaline earth silicides, to pour castings of widely 
varying section size. This feature allows an important 
gain in flexibility of assembly and pouring schedules, 
and simplifies cupola charging procedure. A single 
mix weighing 2000 Ib containing coke and flux with 
briquetted steel turnings, briquetted cast iron borings, 
silvery pig iron, malleable pig iron, domestic returns 
and ferro alloys is used. Charging is done with cone 
bottom skips by monorail hoist. 

Melting rates of 10 to 11 tons/hr are realized with 
the new furnace. This provides additional productive 
capacity at peak periods with no lengthening working 
hours. Refractory materials cost has been reduced 
drastically, being 5 per cent of previous conventional 
practice. Ten man-hr labor are expended to prepare 
the inside of the cupola for a full week’s run. 


CONCLUSION 


At the authors’ company is a cupola melting furnace 
which produces iron to quality levels and economical 
cost standards which once was thought of as unattain- 
able by practicing foundrymen. In this particular in- 
stallation, careful engineering and planning incor- 
porated the components of the new melting plant into 
existing facilities with negligible disruption or build- 
ing alteration. 

Review of the literature reveals that many of the 
early installations of this type water-cooled hot-blast 
cupolas were intended for specialized applications and 
specialized casting products. However, improvement in 
casting quality along with the inherent economies of 
the process make it useful for production of all types 
of engineering irons. 
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ABSTRACT 


The process of electroforming is described by the 
author. Various applications are outlined — as salvage 
plating of worn or undersized patterns, cladding of 
aluminum patterns and electroforming for the manu- 
facture of patterns for sand, precision casting and shell 
molding. 


INTRODUCTION 


Electroforming is not a newcomer in the pattern 
field, as it has been known and used, if to a limited 
extent, for nearly 50 years. 


Electroforming is the production of an electro- 
plated deposit heavy enough to have its own set of 
properties independent of a base metal. In other 
words, the deposit itself becomes a useable article 
such as a pattern. 


Most people think of electroplating as a relatively 
thin deposit applied to another metal to make it rust 
resistant, to enhance its appearance, to increase its 
conductivity or its wear resistance. Few people out- 
side the trade have ever seen an electrodeposit heavy 
enough to stand by itself. 


An electroformed shell can be anywhere from 0.005 
in. to 4-in. thick, (500 thousandths) requiring from 
5 hr to 4 weeks of plating. 


Another name for electroforming is cold casting, 
since it is about the only way a metal can be “cast” 
at temperatures only slightly above room tempera- 
tures, such as 100-145 F, which eliminates many dis- 
tortion problems due to heat. 


Thus, in electroforming: the plater must turn met- 
allurgist, for he then becomes concerned with the 
physical properties of the deposited metal such as 
hardness, durability, tensile strength and internal 
stress. 


PHYSICAL PROPERTIES 


For example the physical properties of the three 
most commonly electroformed metals are: 
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Brinell Hardness TS., psi Elongation, % 
1. Copper 80-270 20,000- 50,000 35-15 
2 Nickel 120-550 50,000-200,000 30- 5 
3. Iron 100-350 40,000- 90,000 30-10 





Internal Stress is also an important factor, as is the 
wear resistance of the coating used. 

The choice of metal to be used depends on the type 
of service. Copper is the softest of the three, and 
nickel the best for hardness and wear, as well as for 
resistance to chemical attack by the resins and other 
chemicals used. 


PLASTIC PATTERNS 


A great deal of work has been. done to introduce 
and use plastic patterns in the foundry, mainly the 
epoxy resins. These types of patterns have revolu- 
tionized pattern shop practice. However, they are 
still not as good as metals in a number of respects: 


1) They are not as hard, and hence will not wear as 
well as metal. 

2) They are more brittle and will chip or flake off 
under impact or pressure. 


They also will not stand heat as well as most metals, 
and lose strength when hot. They will disintegrate at 
shell molding temperatures of 600 F. They also have 
relatively poor heat transfer, hence cannot be used for 
shell molds, etc. There are many places, especially on 
high production jobs, where plastics just are not good 
enough. 

We are concerned in this paper with three main 
fields of interest to patternmakers: 


l 


— 


Nickel salvage plating to build up worn or under- 

sized patterns. 

2) Nickel cladding of aluminum patterns to increase 
wear. 

3) The manufacture of patterns by the electroplating 

of metal shells. 


SALVAGE PLATING OF WORN OR 
UNDERSIZED PATTERNS 
Electroplating is the excellent putting on tool that 
everyone has been looking for. It is a way of putting 
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sized through a machining error. It can also be used 
to add metal required by an engineering change to a 
heavier section, etc. 

The best metal to use here is nickel for cast iron, 
steel, aluminum or brass patterns, although copper 
plating is sometimes used on brass or aluminum 
patterns where high wear is not required. 

The advantages of plating are the lack of warpage 
that welding might give you, plus readily machinable 
deposits of nearly any desired thickness from 0.002 to 
Yg-in. 

The wear on nickel plating is excellent. One high 
production job reported no visible wear at 100,000 
cycles. The plating can be applied to only the section 
desired, the rest of the part being protected with wax 
or stop-off lacquer so it will not plate. 


CLADDING OF ALUMINUM PATTERNS 


The aluminum patterns are plated with 0.005 to 
0.015 in. semi-hard nickel to increase the wear resist- 
ance over the relatively soft aluminum. Nickel coat- 
ing will increase the wear from 5-10 times over un- 
plated aluminum, according to users. 

Another advantage of this type of coating is the 
restoration of original sharp contours on worn pat- 
terns by plating. Since plating tends to build up faster 
on the high spots, and since these are the places 
where wear is the greatest, the plating tends to build 
up the worn areas faster and hence restores the 
original contour. 

Nickel plating can also be used instead of pinning 
on steel wear plates on faces of patterns. It is cheaper, 
and less time consuming to do this by plating. 


ELECTROFORMING FOR MANUFACTURE 
OF PATTERNS 
While the previous two fields for electroforming 
are important, it is felt that in the field of actual 
pattern construction that the greatest potential exists. 
Again, there are several types of patterns that can be 
made. 


Sand Patterns 

These consist of copper or nickel shells backed with 
babbitt or plastic to make a flat block. Thus, we have 
made a metal-faced pattern to give us high wear, and 
have made it into a block in a rather simple manner. 

This gives a pattern that will not wear or chip like 
epoxy resin, and one that will outwear aluminum. 
This process is at a cost competitive with other 
processes and with a much better surface finish, free 
from the pits and porosity often experienced in cast 
aluminum. 

These patterns are highly accurate. After all, Phono- 
graph record molds are all made by electroforming, 
and if you can reproduce the sound track of a record, 
that is the ultimate in detail. Also, in this process 
there is no shrinkage, so no extra shrink allowance 
need be furnished such as in casting aluminum pat- 
terns. 

One of the chief problems on Shaw cast patterns 
is the high and inconsistent shrink on large parts. On 
parts 16 in. and over with the Shaw process, about 


metal on to a metal pattern that is worn or is under- 






0.040 in. must be allowed. In plating, no change in 
size occurs. 

The shell is made by plating against any epoxy or 
other suitable plastic negative mold, made from a 
wood or metal master. When this epoxy negative 
mold is plated the plating gives a positive impression, 
the same as the original master. 

This process is well adapted to the making of the 
multiple patterns, all of which will be an exact dupli- 
cate of the master. 


Molds for Making Wax Patterns for 
Precision Casting 

These are two piece molds, as opposed to single 
patterns used in sand molding. 

The pattern is set up on a block of wax at the 
parting line and the first half plated. The wax is 
melted off, and the second half is plated against the 
first half so accurate registration is possible even along 
an irregular parting line. These shells are then backed 
up with babbitt to make a block to make an operating 
mold. 

A metal electroformed mold makes highly accurate 
wax patterns, with a surface finish not possible with 
other processes. The mold surface is nonporous, and 
can be highly polished if desired so that the waxes 
will release easily. 


Shell Molding Patterns 

This is a relatively new field, but one that is 
certain to grow as nickel electroformed shells are 
ideal for shell molding due to their high strength and 
resistance to heat. Nickel melts at 2600 F. 

The electroformed nickel shells are made into a 
box by fastening steel strips around the outside to 
make a frame, and backed with metal or other con- 
ductive material. Although the actual manufacture 
of the electroformed patterns is done by the electro- 
forming shop, a few of the highlights of the process 
will be given for general information. 

First, the pattern must be furnished by the custom- 

er. The original pattern can be metal, plaster or 
wood, but these are not plated. From the master 
pattern a negative mold must be made of epoxy to 
plate against. The author believes this should be done 
by the patterns shop, as they are set up to do it and 
are familiar with the technique. 
' Plaster and wood cannot be successfully plated, as 
the wood warps and the plaster is attacked by the acid 
in the plating bath. The epoxy negative which is to 
be plated is set up for plating by bolting contact hooks 
to it. 

It is then made conductive by spraying with silver. 
It is placed in the proper plating bath and plated to 
the desired thickness. This may be anywhere from 
0.030 to 4-in. depending on the shell desired. 

The plating solution will faithfully reproduce the 
surface of the mold, even down to the finest scratches. 
The pattern will be an exact copy of the original 
pattern. 

While the field for electroformed patterns has only 
recently been actively exploited, it is felt they can 
fill an important place in the pattern industry, as a 
way of making stronger and more accurate patterns. 
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ABSTRACT 


A summary is given of techniques employed in the 
M.I.T. foundry laboratory for producing prototype mag- 
nesium castings for missile applications. Research pre- 
sented deals primarily with AZ9I1C alloy (8.7% Al, 
0.7% Zn, 0.15% Mn, bal Mg). Foundry techniques in- 
cluding melting, molding, gating and risering, chilling, 
etc., are discussed in detail. Research on mold coatings 
to improve fluidity is presented. Mold coatings found 
to be effective were amorphous carbon and hexa- 
chloroethane; amorphous carbon improved fluidity by 
as much as 100 per cent. Fluidity of a series of mag- 
nesium alloys was found to decrease in the order 1) 
pure magnesium, 2) AZ92A, 3) AZ91C and 4) ZKS1A 
and KIA. 

Application of careful foundry techniques to produc- 
tion of several prototype castings is described. The 
castings are 1) a simple hemispherical gimbal, 2) a 
large thin section casting requiring close control of 
dimensions (+%4-in. in some locations) and 3) a gimbal 
casting requiring integrally cast tubes for heat exchange 
purposes. 


INTRODUCTION 


Since 1954 a research program has been sponsored 
in the M.I.T. foundry laboratory by the Air Force 
through the M.I.T. Instrumentation Laboratory, to 
1) conduct basic research in the area of light metal 
castings and 2) translate basic research results into 
practical techniques for producing high quality proto- 
type castings for missile applications. Research in the 
early phases of this program was conducted primarily 
on aluminum alloys. 

Later, magnesium alloys were emphasized to a 
greater extent, largely because magnesium has inher- 
ent advantages (for example, high stiffness-to-weight 
ratio) for certain missile applications. Two reports 
have been issued outlining the more practical aspects 
of this work, the first on aluminum! and the second 
on magnesium. ? 

This paper is largely abstracted from the second 
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report above, and describes work conducted on mag- 
nesium castings to increase and extend properties, 
serviceability and design latitude of castings for mis- 
sile applications. Research reported deals almost ex- 
clusively with AZ9IC alloy (8.7% Al, 0.7% Zn, 0.15% 
Mn, bal Mg). 


Specifically, the paper comprises 1) foundry tech- 
niques employed to produce high quality castings, 2) 
a study conducted to increase the fluidity of magne- 
sium alloys and $3) representative prototype castings 
showing application of techniques for producing mag- 
nesium castings with high mechanical properties, 
thin sections, close dimensional control and with 
small diameter cored passageways. Detailed descrip- 
tions of experimental techniques are omitted; these 
may be found in the report on which this paper is 
based,? or in previously published technical articles. 8-6 


FOUNDRY TECHNIQUES 


Certain practices described herein are those recom- 
mended in the technical literature, particularly in 
various publications of Dow Chemical Co.;7:8 others 
were developed at M.I.T. in the course of this work. 
Techniques apply primarily to AZ9IC alloy, but 
many apply equally well to other magnesium alloys 
(particularly to other alloys of the magnesium-alumi- 
num-zinc family). 


Chemical Control and Melting Practice 

Table | lists nominal analysis and permissible com- 
positional range for AZ9IC alloy. Melt charges were 
made from high purity virgin materials or from al- 


TABLE 1— CHEMICAL REQUIREMENTS OF 
MAGNESIUM ALLOY AZ91C 








Range 
Elements Nominal (QQ-M-56a) 

DE. Bivaee hake A kkps cede 8.7 8.1 -9.3 
__ Sea a a eae oar 0.7 0.40-1.0 
8. eee tre 0.18 0.15 
2 8. CERES rE eer re ee ey 0.10 
kk. eer ere ee ee 0.10 
| Oper rer ererr ee rrr ere eer ee 0.30 
SD SN <  6.5:0-0 cone 005s cennseseapembenemeneh of 0.30 
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| SPRUE 


RUNNER EXTENSION 






SPRUE BASE 
Area=9/I6 sq. in. mox. 



















SCREEN 
(on parting line) 






RUNNER 
Areo = approx. 4X sprue base 






GATE 


SPRUE BASIN Area = approx. 3X sprue base 


Fig. 1— Gating system developed in M.I.T. foundry 
laboratory for magnesium alloy castings. 


loyed ingots previously produced from high purity 
materials (virgin or foundry returns); alloyed ingots 
comprised 75 per cent of the heat. Virgin materials 
were magnesium (99.8%), aluminum (99.99%), zinc 
(99.9%) and aluminum-manganese master alloy (25% 
Mn). 

Melting was done in iron pots using a gas fired 
furnace. All tools in contact with the metal were of 
iron or graphite. After meltdown and addition of 
charges, the metal was degassed with chlorine at 
1330 to 1380 F, and grain refined by the superheat 
method (heated to 1650F and held 15-20 min). Pro- 
prietary fluxes were used’ throughout melting and 
pouring to prevent burning. Table 2 lists in detail 
the steps followed in melting AZ91C. 


Sand Practice 

Most of the castings produced in this program 
were made in green sand of AFS 80 fineness. Cores 
were bonded with urea-formaldehyde or sodium silicate 


TABLE 2— FOUNDRY LABORATORY STANDARD 
MELTING PRACTICE 





Gas furnace melting of magnesium-aluminum-zinc alloys. 


. Calculate charge. 

2. Preheat iron crucible, tools, ladles, pigs, charge additions and 
flux immediately before use. 

8. Cover the bottom of the crucible with a thin layer of flux. 
Charge pig (charge alloyed pig before pure magnesium). Add 
aluminum and manganese master alloys at the beginning of 
meltdown, after a heel is formed. 

4. Dust flux into casting crucible at frequent intervals during 
melting to prevent burning. 

5. At 1250 F add zinc alloy. 

6. Heat‘ to 1300F, stir bath one min with a gentle circular 
motion from bottom to top of crucible; avoid breaking sur- 
face of the melt. 

7. At 1330 F, degas with chlorine for 10 min. Place graphite 
degassing tube 5-8 in. from bottom of crucible; bubble at 
a sufficient rate to obtain a rolling motion on the melt sur- 
face. Hold degas temperature between 1330F and 1380 F. 

8. Heat to 1650F, hold 15 min. 

- Remove crucible from furnace. Cool to 25 F above tap tem- 
perature. Skim. Remove loose flux from pot walls and cruci- 
ble lip with a scraper and wire brush. Sprinkle agent over 
melt to prevent burning. 

10. Pour. Dust flux over sprue entrance before pour, and over 

metal stream during pour. 


o 





TABLE 3— SAND MIXES 








Molding Sand 
Weight, 

Ingredients % 
EN soo 4g Sa ov wah ak 6 od uk ous a 2S 88.0 
Is TI ee ie oe ae 4.5 
ie ban ibd a wwe Coa ae doc k.ad Sa Ph RARE Ke 1.5 
NI oon clint hs scandal Sart ccs dnp 6 oA ode we Vic eed 1.5 
ED NN ot cot aho eG hss coreseseaceetehewwes 1.5 
I SEES SE RE oe PO ee ae RE Ee OO eS) 3.0 

Urea-formaldehyde Core Sand 
ce pir kai ihe kandi A's a Kiko wk én conineaeese 70.0 
ES wie ie ik Saidw nae a0 edad ale a oe heath Ree 21.25 
EP CREO ean A ack ean Deda be csigk a nies scans 0.75 
eo ere ee 15 
SS es ee a, ee aisle ale dae ES dae Behan ee 1.5 
EE ca dics Vien d sek Gvicle Canee ails Goweeean 1.0 
ee tae re ee i ain ck aa eeadanme epee oon 4.0 

Sodium Silicate Core Sand 
I res clair Be ade ata, bau no toa eacsen we wh me ee 70.0 
a OR i ns cass ate Sak a aden 22.0 
re wind cue en ee Raa add Ks aka’ s oh wl ein ihade 3.0 
Proprietary sodium silicate binder .................-. 5.0 


*Potassium fluoborate may be used in place of sulfur. 





—CO,. Inhibitors were sulfur and boric acid for green 
clay-bonded sand and the urea bonded sand, and 
sulfur alone for the sand bonded with sodium silicate. 
For one casting (Fig. 17), the mold was preheated 
for an extended period before pouring. In this case 
potassium fluoborate was used as the inhibitor. Where 
danger of “burning” was present, as for example 
at gate entrances or on drag surfaces, finished molds 
were sprayed with a solution of ammonium fluoborate 
in alcohol. Table 3 lists the various sand mixes 
employed. 


Gating 

The gating system developed in the course of this 
work, and used throughout most of the program, is 
illustrated in Fig. 1. It is an adaptation of a system 
described earlier for making aluminum castings,1:5 
designed to provide a smooth even flow of metal 
to the casting cavity with a screen to filter any 
foreign inclusions. Essential features are 1) tapered 
sprue, 2) sprue basin, 3) drag-to-cope runner, 4) cope 
gates, 5) unpressurized gating ratio (‘“choke” at the 
base of the sprue), 6) screen at the parting line 
and 7) runner extension. 

Runner shape is determined so that screen area 
is always at least 80 times the area of the sprue 
base (to eliminate danger of clogging the screen). 
Additional details on design and use of this system 
have been given earlier.2 


Heat Treatment 

All mechanical properties reported herein are for 
castings in the T6 condition (solution treated and 
aged). The following heat treating schedule was 
used throughout for AZ9IC alloy: 





Solution treatment: 
2 hr at 665 F. 
6 hr at 775 F. 
2 hr at 665 F. 
10 hr at 775 F. 
air cool to room temperature. 


Aging treatment: 
16 hr at 335 F. 

















Fig. 2 — Mold for producing high strength large mag- 
nesium gimbal. : 


Risering and Chilling 


In general, risers for magnesium alloy castings must 
be large and closely spaced. Side risers, expecially 
side risers which are attached directly to gates, are 
desirable. These risers must not be placed too close 
to the casting, or the heat effect of the riser will 
create, rather than eliminate, shrinkage in the area 
of the casting near the riser. A useful rule of thumb 
is that the riser should be spaced a distance from 
the casting at least equal to 24 the diameter of the 
riser. The riser is then joined to the casting by a 
section (a “riser pad”) not thicker than 3% the diame- 
ter of the riser. Figure 9 shows one example of side 
risers, with attached riser pads. 


Chills are frequently employed to promote direc- 
tional solidification in complex castings and to 
achieve a fine, dense structure. Cast aluminum chills 
are used almost exclusively at M.I.T., coated with a 
rosin-talc wash (Table 4). For castings about 14-in. 
thick or over, extensive chilling is employed to 
achieve dependably high mechanical properties with- 
in the casting. For thinner castings, these same 
properties can be guaranteed without extensive 
chilling.-4 


TABLE 4— CHILL WASH FOR MAGNESIUM ALLOYS 








Ingredients Amounts 
SE NE as 0K civic sca se ccabeeenwenee 1 gallon 
3 ers cers rer ore 414-lb 
EE Sip nin'ne's Faas Aes Oana doh ree 7 oz. 
MINE 60 8b thnks cannes oo he seen <n 314-07. 


from The Dow Chemical Co.7 





Figure 2 shows the mold for producing a high 
strength housing casting, the research upon which 
was reported in detail earlier.4 Extensive chilling 
was employed, and the maximum distance from 
riser contacts to chill edges was 2 in. The rough 
casting is shown in Fig. 3. Use of the chilling and 
risering practice shown permitted producing the cast- 
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ing in AZ9IC alloy with average mechanical proper- 
ties of 43,500 psi tensile strength, 23,800 psi yield 
strength and 3 per cent elongation. These properties 
compare with those obtained in a similar casting 
produced by more conventional risering practice of 
24,200 psi tensile strength, 16,500 psi yield strength 
and | per cent elongation. 


By careful foundry techniques, it should be pos- 
sible to produce AZ9IC alloy castings with guaranteed 
minimum mechanical properties in specified locations 
of at least 37,000; 18,000; 2*. These properties repre- 
sent an improvement of 46 per cent in tensile strength, 
20 per cent in yield strength and 170 per cent in 
elongation over present specifications of 25,500; 
14,500; 34 (Table 5). It is re-emphasized that to 
achieve high properties in heavy castings requires 
extensive chilling and risering, as shown in Figs. 2 
and 3. However, much less chilling is required in 
thinner castings.3.4 


FLUIDITY STUDIES 


To take full advantage of the lightness and strength 
of magnesium alloys, designers are requesting sand 
castings that are thinner than can be made by 
ordinary foundry techniques. The difficulty in pro- 
ducing thin castings (under |4-in.) is due primarily 
to inadequate fluidity of the metal, ie., the metal 


*The shorthand 37,000; 18,000; 2 is used to represent 37,000 
psi tensile strength, 18,000 psi yield strength, 2 per cent elonga- 
tion. 


TABLE 5— SOME MECHANICAL PROPERTIES OF 
CAST MAGNESIUM ALLOY AZ91C 








Tensile Yield 
Strength, Strength, Elong., 
Test Bars psi psi % 
0.505 Cast to Size Test Bar 
(minimum)* ; 34,000 16,000 3 
Test Bars Cut from Casting 
(average)* 25,500 14,500 3, 
Test Bars Cut from Casting 
(minimum)* 17,000 12,000 0 
Premium Quality Castings 
(minimum)? 37,000 18,000 2 


a — QQ-M-56 (a), Sept. 3, 1957. 
b — Reference 2. 








Fig. 3 — High strength large magnesium gimbal show- 
ing rigging employed. 








Fig. 4— Double spiral fluidity casting with gating 
system. 


solidifies before completely filling the thin mold 
cavities. Two practical ways to obtain increased 
fluidity is by choice of alloy composition and by 
providing additional superheat to the melt. However, 


there are limitations to these techniques and few 
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Fig. 5— Amorphous carbon and CoClg mold treatment 
effect on fluidity of AZ9I1C alloy. 








foundries can produce magnesium castings with ex- 
tensive sections much less than 14-in. thick. 

Previous studies®.® at the M.I.T. foundry labora- 
tory, on the improvement of the fluid flow charac- 
teristics of aluminum alloys, showed that fluidity 
could be increased by a factor of three by applica- 
tion of mold coatings. Hexachloroethane and amor- 
phous carbon were the coatings found to be most 
effective, and these were tried on several commerci- 
ally important magnesium alloys. 

Figure 4 illustrates the double spiral type fluidity 
test used for much of this study. Essential features 
are 1) a carefully designed gating system with screen 
and 2) identical twin spirals. This permits coating 
one spiral and leaving the other uncoated as a control. 
Details of research and check work done in develop- 
ing this special] test have been published.¢ All work 
reported herein was done with green sand molds. 

Data, showing the effect of amorphous carbon and 
hexachloroethane on fluidity of AZ9IC alloy, are 
shown in Fig. 5. Amorphous carbon was applied 
from a “smoking” oxyacetylene torch, and hexa- 
chloroethane was deposited from an ether solution. 
Both were applied in thicknesses of approximately 
0.003 in., although the thickness of amorphous carbon 
was not measured in all instances. 

Amorphous carbon coatings improved fluidity by as 
much as 100 per cent at the lower pouring tempera- 
tures, and 50 per cent at the higher temperatures. 
In all instances, amorphous carbon was about twice 
as effective as hexachloroethane. Figure 6 shows 
representative spiral castings, showing the effect of 
amorphous carbon and pouring temperature on 


Fig. 6— Double spiral fluidity test castings showing 
improvement in fluidity due to amorphous carbon. 
AZ91C alloy — left side coated, right side uncoated. 
Pouring temperatures (top to bottom) 1450 F, 1375 F 
and 1300 F. 














Fig. 7 — Amorphous carbon mold treatment effect on 
fluidity of AZ91C alloy. Right side of plate uncoated, 
left side coated with 0.003 in. layer of amorphous car- 
bon. Pouring temperature 1500 F. Each plate 10x 12x 
¥g-in. thick. 


fluidity. Figure 7 shows how the carbon aids in 
filling a thin, flat, plate casting. 

Work conducted to date at M.I.T. on mold coatings 
for magnesium has been of a relatively limited scope. 
Effect of coating thickness and coating technique 
have not been examined, and only limited studies 
have been made of coatings other than those de- 
scribed above. However, on the basis of the results 
obtained, amorphous carbon is the treatment cur- 
rently used to promote fluidity in thin prototype 
castings (amorphous carbon is not new as a “fluidity 
promoter” and has been used in some magnesium 
foundries for a number of years). 

In the course of this work, a study was also made 
of the effect of amorphous carbon mold coatings on 
fluidity of other magnesium alloys, including AZ92A 
(9.0% Al, 2.0% Zn, 0.15% Mn, bal Mg), ZK51A 
(4.5% Zn, 0.75% Zr, bal Mg), and KIA (0.75% Zr, 
bai Mg). In each case similar improvements in 
fluidity were obtained (the increase in fluidity for 
all alloys approached 100 per cent at the lower 
pouring temperatures). At the same time, compari- 
son of control (uncoated) spirals showed the relative 
fluidities of the various magnesium alloys tested (Fig. 
8). Results agree well with qualitative foundry ex- 
perience; the alloys rated in order of decreasing 
fluidity (at a given pouring temperature) are 1) pure 
magnesium, 2) AZ92A, 3) AZ9IC and 4) ZK51A and 
KIA. 


PROTOTYPE CASTINGS 
Center Gimbal 


The center gimbal casting (Fig. 9) is representa- 


tive of the simpler types of gimbal castings produced 
for missile applications. It has a uniform wall thick- 
ness of l4-in., except for the flange section which 
is 4-in. The casting is a hemisphere with a 714-in. 
radius, Net weight is 714-lb. 

The mold for this casting was entirely of green 
sand. Five risers were used, four of which were side 
risers. Ring chills were placed around the upper 
portion, and additional chills were located on the 
casting circumference midway between the risers. 
Bosses were also chilled. 

Ten test bars were cut from the casting in loca- 
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Fig. 8 — Comparison of fluidity of several commercial 
magnesium alloys (AZ91C, AZ92A, ZK51A and KIA) 
and pure magnesium (Additional data have resulted 
in a slight displacement of several of the above curves 
from those in the report on which this paper is based). 





tions typical of the casting as a whole (some of 
these are shown in Fig. 10). Resultant mechanical 
properties average 38,400; 21,400; 314. Several indi- 
vidual bars possessed relatively low ductility [Table 
6 (although substantially above present minimums) ], 
but had these been in critical areas from a stand- 
point of ductility, minor changes in rigging could 
have been made to correct this. 





Fig. 9 — Center gimbal showing rigging employed. 









Fig. 10 — Test bar locations in center gimbal. 





Fig. 1la and b — Finished casting, electronics package. 








Fig. 12 — Checking dimensions of core assembly with 
dialing fixture. 





TABLE 6— MECHANICAL PROPERTIES OF 
HIGH STRENGTH CENTER GIMBAL 











Ultimate Tensile Yield 
Strength, Strength, Elong., 
Bar No.* psi psi % 
1 39,400 20,700 4% 
2 41,600 25,200 6 
8 34,700 21,000 2 
4 41,700 20,200 6 
5 37,400 soi 1% 
6 36,900 - 3 
7 40,100 ” 3 
8 39,600 -_ 21% 
9 35,700 - 3 
10 37,200 20,000 44 
Avg. 38,400 21,400 31% 


*Bar No. refers to test bar locations, shown in Fig. 10. 
**Yield strength not obtained. 





Electronics Package Casting 


In addition to seeking castings with high mechani- 
cal properties and thin sections, missile designers 
often require closer dimensional tolerances in sand 
castings than are ordinarily considered feasible. These 
close tolerances are necessary to save space and weight 
or to’ minimize machining. One such casting, pro- 
duced in the M.I.T. foundry laboratory, is shown in 
Fig. 11. Dimensional tolerances were + 44,-in. on the 
radius of the inner wall, and +14,-in. in other loca- 
tions. The casting was made of AZ9IC alloy. Total 
finished weight was 14 lb. Overall dimensions were 
approximately 17 x 19 x 6 in. with wall thickness 14-in. 

All critical dimensions were produced by cores 
(urea-formaldehyde). Precise setting of internal cores 
was essential to achieve dimensions, and a contour 
template and dialing fixture were used to aid in 
doing this. Figure 12 illustrates final checking of one 
core. Before pouring, the mold cavity was blackened 
with a reducing oxyacetylene flame to aid fluidity 
of the metal (Fig. 13). 

Extensive chilling and risering were employed to 
assure soundness (Figs. 14 and 15), and pouring 
was from two separate sprues. Four castings were 
produced and checked for dimensions. All critical 
dimensions were found to vary from casting to casting 
by less than 0.010 in. Mechanical properties of one 
casting which was extensively tested average 34,000; 
20,700; 11,4. 


Inner Gimbal 


Still another class of castings of interest to missile 
designers involves cored passageways for carrying 
coolant or other fluids; the “inner gimbal” is repre- 
sentative of this type of casting. Figure 16 shows an 
early design of the casting; length of each side is 
about 12 in. and net weight is 8 lb. 10 oz. In this 
case, the grooved channels on each surface were 
later covered by a plate, and the resultant internal 
passageways carried heat exchanging fluid. 

In a later design (Fig. 17), the grooved channels 
were replaced by stainless steel tubes cast integrally 
within the casting. This casting was made entirely 
in core sand. The stainless steel tubes were mounted 
on the internal core before core assembly (Fig. 18). 








Fig. 13 — Completely carbonized core and mold sur- 


faces. 


Fig. 14— Casting at shakeout. 


Fig. 16 — Original design of inner gimbal 
casting. Grooved channels were covered 
by a plate. Resultant passageways car- 
ried heat exchanging fluid. 


Fig. 17 — Final design of inner gimbal 


casting. Internally cast stainless 
tubing replaces grooved channels. 


steel 


Fig. 18 — Internal core of inner gimbal 
showing internal tube arrangement. 
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Dimensional tolerances of tube locations (+ %»-in. 
in the external faces) were maintained by brackets 
which were set by height gages. The brackets were 
bolted to the interior of the core, and all tubes 
and bolts were brazed to the brackets to prevent 
movement. 

The casting was produced with 5 risers, two of 
which were riser gated (Fig. 19). To assure that 
moisture would not condense on the tubing before 
casting, the entire mold assembly was preheated to 
250 F before pouring; the mold was poured immedi- 
ately on removal from the oven. After rough cleaning, 
each face was fully machined; machining removed all 
brackets and exposed the tube locations, as shown 
in Fig. 17. 

SUMMARY 

This paper summarizes techniques employed in 
the M.I.T. foundry laboratory for producing proto- 
type magnesium castings for missile applications. The 
paper deals primarily with AZ9IC alloy (8.7% Al, 
0.7% Zn, 0.15% Mn, bal Mg). 

Careful foundry practice (including control of melt- 
ing, gating, chilling, risering and other foundry vari- 
ables) has been shown to result in sound castings, 
with strengths and ductilities substantially higher 
than are obtained by usual foundry procedures. For 
example, in AZ9IC alloy minimum mechanical 
properties can be guaranteed in intricate castings to 
be at least 37,000 psi tensile strength, 18,000 psi 
yield strength and 2 per cent elongation. These com- 
pare with average properties currently expected of 
25,500 tensile strength, 14,500 yield strength and 34 
per cent elongation. 

Mold coatings (amorphous carbon and _hexa- 
chloroethane) improve fluidity of magnesium alloys 
by as much as 100 per cent, and permit production 
of thinner, more intricate castings than is otherwise 
feasible. 

Application of careful foundry techniques to pro- 


Fig. 19 — Inner gimbal with internal tubes after shake- 
out. 


duction of several prototype castings has been de- 
scribed. The castings were 1) a simple hemispherical 
gimbal, 2) a large, thin, casting requiring close con- 
trol of dimensions (+ 4%,-in. in some locations) and 
3) a gimbal casting requiring integrally cast tubes 
for heat exchange purposes. 
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ABSTRACT 

One of the most troublesome problems in the pro- 
duction of Alloy 20 stainless steel (CN7MCu) is hot- 
shortness of castings. A study showed this could be 
combated by addition of a combination of vanadium, 
silicon, titanium, aluminum, boron and iron. A study 
of mechanical properties on a statistical basis with two 
sigma deviation shows the minimum mechanical prop- 
erties to be 60,000 psi ultimate tensile strength, 27,000 
psi yield strength. The study also indicates carbon 
content control is critical for the cited properties. 


INTRODUCTION 


Alloy 20 stainless steel is a fully austenitic chro- 
mium-nickel stainless steel alloy containing both cop- 
per and molybdenum. It is designed to have increased 
resistance to sulfuric acid. It was originally developed 
as a cast alloy, but is now available in both cast and 
wrought forms. Since it is fully austenitic, it has the 
usual sensitivity to hot-shortness that all low carbon 
fully austenitic chromium-nickel stainless steel alloys 
have when cast into sand molds. 

In addition, it has its own particular type of hot- 
shortness sensitivity. The lead content has to be care- 
fully controlled to 0.002 per cent maximum, and the 
total content of the silicon plus copper should not 
exceed 4.50 per cent. 

When all precautions are taken in production, such 
as limited use of returns or even virgin heats, use of 
armco ingot iron, electrolytic copper and the purest 
of ferro-alloys in order to insure that the lead con- 
tent does not exceed 0.002 per cent, and when the best 
laboratory control is exercised to see that the silicon 
plus copper contents do not exceed 4.50 per cent 
total, it has often been found that some heats are 
still sensitive. 

The author’s company has been a producer of Al- 
loy 20 for 22 years. A study of this problem of ex- 
treme sensitivity was started in 1952. The first step in 
this research program was developing a tool and/or 
method of evaluation of different heats. 


FLAME TEST 


Several methods were tried, but since it had been 
noted that sensitive heats could often be detected 
while burning off the risers or gates a flame test was 
taken as the tool. This flame test procedure, as 
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TABLE 1— CHEMICAL COMPOSITION RANGE OF 
CAST ALLOY 20 








Element Per Cent 

ED wlohe SL oes Wha eee sd 4 eR Re eee ee . 0.07 max. 
PE ckabodnwnvahee's fiw kneaded sudeued ai eenene 2.00 max. 
WD sai Cag ran ah 5 bok Whe can eek nen tnae eee ee 1.50 max. 
Sn . clr aiea a odes kai cebhesse ew aee atin ane 19.00-22.00 
Sacco axe kekies vanes andes cksedeun tee 27 .50-31.00 
Ere rT ee Te ey re re 1.80- 2.50 
Nh bdd sea eter so dia rasnecunsacnessataermeeaaen $.00- 3.50 





worked out over a period of time, consists of pouring 
a standard keel block in a core sand mold (Fig. 1). 
When this keel block has cooled one triangular end 
is ground smooth on a stand grinder. Care must be 
taken to see that the area being ground does not 
become overheated during grinding. 

This keel block is then placed in a jig with the 
ground face up. An oxy-acetylene torch with a num- 
ber 150* heating tip is placed in a holder on the jig 
and the flame is played on the ground face. The jig 
holds this torch a fixed distance away from the face 
being heated. The face is heated for a set length of 
time in order to control as many variables as possible. 
It is desired to heat the metal to a temperature just 
below the solidus and not induce incipient melting. 
After cooling, the keel bar is examined for severity 
and extent of cracking. 

The face may be cleaned by buffing lightly with 
fine emery paper. The more sensitive the heat the 
greater the cracking will be. In a sensitive or ex- 


*A No. 150 heating tip delivers 150 cu ft/hr of both oxygen 
and acetylene. 





1— Keel block used in flame test evaluation. 


Fig. 








TABLE 2 — RELATIVE GRAIN SIZES OF 
ALLOYING AGENTS 








Atomic Dia., 
Element Angstrom 
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tremely “hot short” heat, the cracks will be noted at 
grain boundaries during the heating. A heat which is 
not sensitive will not develop any cracks. Using this 
test on every heat it was soon determined that heats 
varied in sensitivity markedly and randomly. No cor- 
relation could be found between the heat analysis 
and cracking. 


WELDING SENSITIVITY 


Rollason and Bystram,! in a discussion on the prob- 
lem of welding sensitivity of full austenitic Cr-Ni al- 
loys, pointed out 


“... in the absence of further evidence it may be 
inferred that the weakness of the grain bounda- 
ries does not result from precipitation but is 
caused by the concentration of some element at 
the grain boundary while still remaining in solu- 
tion. For temper brittle steels McLean? and Mc- 
Lean and Northcott® have shown that in a solid 
solution the composition of the crystal may be 
different from that of the grain boundaries. In 
a weld this difference in composition is intensi- 
fied by coring. 

“The grain boundaries can be considered as the 
transition lattice in which some iron atoms will 
occupy larger and some smaller volumes than a 
perfect lattice. The resulting local stresses repre- 
sent a high energy and therefore instability in the 
structure. This energy may be reduced by placing 
atoms with large atomic radii in the spaces be- 
tween the atoms occupying large volumes, i.e., to 
prevent rattling of atoms. In a similar way very 
small atoms may be put into the small spaces. 
Consequently, the energy of the whole mass will 
be reduced if elements having an unfavorable 
size factor relative to the solvent according to 
Hume Rothery criterion, move from the lattice in 
the crystal to more suitably matched spaces in the 
boundary region. 


“The relative sizes of relevant alloy elements 
are given in Table 2 from which it will be seen 
that nickel and chromium are likely to be fairly 
stable in the lattice. On the other hand, silicon, 
columbium and carbon because of their size are 
likely to diffuse to the grain boundary. The com- 
bination of small silicon and carbon atoms and 
large columbium atoms produces in the transi- 
tion zone of the boundary a stability associated 
with an increase in strength at the elevated tem- 


perature. To become really effective certain ratios 
of columbium and silicon may be necessary. 

“The melting point of columbium and carbon 
are high and this might be expected to increase 
the strength of the boundary. The melting point 
of silicon, however, is lower than iron and in the 
absence of columbium may tend to form incip- 
ient FeSi, or FeSi with melting points about 1200 
C. The results already obtained indicate that 
silicon is an important factor in promoting crack- 
ing of austenitic alloys, and is likely to have a ma- 
jor influence on crack formation in the plain 18- 
13 alloy. The columbium in the 18-13-1 alloy will 
tend to counterbalance the effect of silicon and 
reduce cracking, which agrees with the results 
obtained. The addition of more than 0.09 per 
cent carbon forms a padding in the vicinity of the 
silicon atom and reduces cracking.” 


COLUMBIUM ADDITION 


In light of the above discussion, columbium was 
added to several heats of Alloy 20 in an attempt to 
study the validity of what was said. Flame test studies 
of these heats showed that in the production of cast 
Alloy 20 columbium was not beneficial in reducing 
the sensitivity. 

One steel company has vividly demonstrated that 
the addition of mischmetal to Alloy 20 makes it read- 
ily forgeable, and the wrought Alloy 20 produced to- 
day is made with mischmetal additions. Part of this 
research program also included a study of effects of 
mischmetal addition. Again, the flame test indicated 
that there was no benefit obtained from use of this 
material on the cast alloy. All of the evaluation 
tests reported here were made on test bars from the 
base heat as well as on bars poured with metal to 
which the material being tested had been added. 

As the investigation continued a study of atom 
sizes showed that aluminum, titanium and vanadium, 
among other elements, have atomic diameters larger 
than chromium and nickel and about the same size 
as columbium. Additions of vanadium were investi- 
gated at this time, since it was noted that a nickel 
base proprietary alloy similar to fully austenitic stain- 
less steel contained more than 0.20 per cent vanadium. 
One of the materials used in the study of vanadium 
addition was a proprietary material made up of va- 
nadium, titanium, aluminum, silicon, boron and iron. 

It was soon fairly evident that test bars poured with 
this addition showed much less sensitivity to the flame 
tests than did the heats made without it. The re- 
search was continued to see if any certain element 
found in the alloying material was more beneficial 
when used separately. This included the use of ferro- 
titanium, aluminum and ferro-vanadium by them- 
selves. The conclusion from this study was that the 
use of the combination resulted in best results for 
minimizing sensitivity. 

Figure 2 shows the results of flame tests made in 
this phase of the program. The resulting cracks are 
brought out by use of fluorescent magnetic particles 
and black light. Patents No. 2,811,438 and 2,867,533 
have been issued to cover the use of the material 
in fully austenitic stainless steels to combat hot-short- 





ness. One of the ways hot-shortness is most detri- 
mental in castings is with regard to weldability. It 
was found that those heats which were most sensitive 
to the flame tests were also difficult to either weld 
repair or to weld into an assembly. The use of the 
additive minimized the problem of weldability. 


Further work showed that the weldability corre- 
lates with the flame test to a great extent. At the 
present time a ‘heliarc bead test has been devised for 
a more critical evaluation of the weldability of 
heats. The reason for the effectiveness of this addi- 
tive material in combatting hot-shortness is not def- 
initely known at this time. Further research is being 
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carried out to determine this. One possible mecha- 
nism is nucleation, since the elements used could be 
considered as sources of nucleii. A grain size study 
showed some slight indication of this. 


DEOXIDATION 


One other mechanism may be more thorough de- 
oxidation. The elements in the material all are very 
effective deoxidizers and are used separately as such. 

At the 1956 Electric Furnace Conference, a paper 
presented by Perkins and Binder* on production of 
Type 310 alloy pointed out the effect of various de- 
oxidizers on the Type 310 wrought material. Among 


Fig. 2 — Results of flame tests made after (1) no addition, (2) boron-free additive (titanium, 
silicon, aluminum, vanadium, iron), (3) ferro-titanium, (4) ferro-vanadium, (5) ferro-titani- 
um plus ferro-vanadium and (6) special additive (titanium, silicon, aluminum, vanadium, boron, 
iron). Photograph taken after fluorescent magnetic particle examination under black light. 
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the deoxidizers used in this study were aluminum, 
titanium, silicon and vanadium. During the discus- 
sion period it was asked if it was thought that these 
deoxidizer effects might be additive, and the authors 
said that they thought they would be. 

At the present time a study is being made of oxygen 
contents of heats before and after using the additive. 
Use of the additive may be effective through a com- 
bination of all three methods: better deoxidation, 
nucleation and the presence of atoms of larger size 
which are able to fit in the transition zone of the 
boundary and thus impart a stability which may be 
associated with an increase in strength. 


MECHANICAL PROPERTIES 

In 1958 an application was made to the A.S.M.E. 
Boiler Code for a special case for Alloy 20 to be ac- 
ceptable to the boiler code. Included in the appli- 
cation were data with regard to the minimum me- 
chanical properties expected from Alloy 20. To de- 
termine these statistical data, processing methods and 
statistical analysis were used on the results of me- 
chanical property tests on 118 heats of Alloy 20. 

The statistical study consisted of making compila- 
tions of each individual item of mechanical prop- 
erty data and chemical analyses with regard to every 
other item. The effect of carbon, manganese, silicon 
and all the other elements were individually eval- 
uated with regard to tensile strength, yield strength 
and ductility. A statistical evaluation of the mechan- 
ical properties showed that these 118 heats fell well 
under a normal distribution curve. This would in- 
dicate that under the present control it would be ex- 
pected that the results now being obtained could be 
repeated with a fair degree of accuracy. 

The median number of heats when you study 118 

would be 59. In examination of the statistical data it 
was found that the mode of Heat 59 has a tensile 
strength of 65,000 psi and a yield strength of 30,500. 
The average tensile and yield strengths of the 118 
heats was 65,570 psi and the yield strength was 30,400 
si. 
' The normal method used to determine the mini- 
mum mechanical properties included in the A.S.T.M. 
Specifications has been that obtained with a two 
sigma distribution. By this it is meant that 95.4 per 
cent of all the data fell under the normal distribu- 
tion curve. Inasmuch as we are only interested in 
the 2.3 per cent which are below the two sigma dis- 
tribution, this means that 97.7 per cent of all the 
heats will normally be in excess of the minimum 
properties as set forth. 

A study of the 118 heats shows that an ultimate 
tensile strength of 60,000 psi with a yield strength 
of 27,000 psi would be the minimum values on a 
two sigma distribution. A statistical examination of 
the mechanical properties with relation to chemistry 
showed that carbon content had a great influence 
while no other element showed any influence. In 
order to make sure that the tensile strength exceeds 
60,000 psi and yield strength 27,000 psi the carbon 
content has to be at least 0.05 per cent. 

Inasmuch as the maximum carbon content for the 
alloy is 0.07 per cent, this makes the carbon control 


a critical one in order to meet these mechanical 
properties. After noting from the data that the carbon 
had to be 0.05 per cent, several heats were made 
with the carbon content less than 0.05 per cent. Test 
bars of the base metal and metal from the same heat 
with carbon added were tested in tension. The results 
of the tension test confirmed the need for the carbon 
content to be over 0.05 per cent (Table 3). It is inter- 
esting to note that the carbon content is critical in 
light of the discussion by Rollason and Bystram. 


TABLE 3— CARBON CONTENT EFFECT ON 
MECHANICAL PROPERTIES OF ALLOY 20 





Mechanical Properties 











Carbon Tensile Yield Str. Elong., 
Heat No. Content, % Str., psi (0.2% offset) in 2 in., % 
20-1606 0.04 58,200 25,400 49 
20-1606C 0.07 62,700 26,900 50 
20-1616 0.04 56,500 24,750 44 
20-1616C 0.08 66,750 29,250 47.5 
20-1619 0.02 62,000 27,000 51.5 
20-1619C 0.06 66,200 29,400 41.5 
20-1625 0.04 62,250 27,400 45.5 
20-1625C 0.08 68,200 29,400 46.5 
20-1630 0.04 60,500 26,600 43 
20-1630C 0.08 64,200 27,100 50 

CONCLUSIONS 


Cast Alloy 20, a fully austenitic chromium-nickel 
stainless steel containing molybdenum and copper 
exhibits more than usual hot-short sensitivity. This 
sensitivity may be minimized by the use of a titanium- 
aluminum-vanadium-silicon-boron material. The ex- 
act mechanism of the effect is not definitely known. 
Evidence shows that it may be from more complete de- 
oxidation obtained by the presence of titanium and 
aluminum from nucleation which may form a finer 
grain. This is with the possibility that the larger atom 
size of the vanadium and titanium adds strength to 
the grain boundary due to the presence of these larger 
atoms in the transition area* of the grain surfaces. 


The minimum mechanical properties to be ex- 
pected for this alloy are 60,000 psi tensile strength, 
27,000 psi yield strength and an elongation of 45 per 
cent. Carbon content in this alloy is critical in order 
to meet the above minimum mechanical properties, 
and should be held within the range of 0.05-0.07 
per cent. 
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A panel discussion 


GATING AND RISERING 
OF DUCTILE IRON 





This panel discussion covers various 
phases of gating and risering of ductile 
iron. 

The effect of composition of gating 
and risering characteristics is covered in 
one of the discussions. The variable 
which affects shrinkage most is its car- 
bon equivalent, which should be con- 
trolled at or above the eutectic point for 
maximum riser efficiency. Magnesium 
and other carbides should be held to the 
lowest possible level to produce a ferritic 
ductile iron for maximum riser efficien- 
cy. Dross forming elements should be 
held to the lowest practical limit to 
improve flow characteristics of the 
molten metal in the gating system and 
in the mold. 

Gating and risering green sand duc- 
tile iron castings as dealt with in the 
second discussion were made on jolt 
squeezer or jolt rollover. The runner 
system is made large enough to permit 
choking between sprue and riser, to 
create a swirl in the riser or to use a 
number of pressure gates. Dead bobs are 
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not effective, and are used to feed iso- 
lated bosses or heavy sections only or to 
feed metal past an isolated section that 
it may set up free of carbide. 

Dry sand mold gating and risering is 
the concern of the third discussion. 
Steps and procedures are presented for 
rigging the pattern, core box and gating 
and risering system for a new ductile 
iron casting. Consideration is given to 
chills, chemical control and dross. Sever- 
al examples of castings are presented, 
including a compressor cylinder body, a 
turbine inlet casing and a compressor 
inlet scoop. 

Shell molded ductile iron castings gat- 
ing and risering for vertical pouring is 
presented in the fourth discussion. 
Formulas for pouring time, effective 
sprue height, coke area calculation, run- 
ner size calculation, runner gate area 
calculation, total ingate size calculation 
and riser and riser connection size calcu- 
lation are given. A typical example of 
calculating a shell mold job using the 
formulas is given by the author. 








DUCTILE IRON COMPOSITION 
EFFECT ON GATING AND 
RISERING CHARACTERISTICS 


by J. A. Davis 


INTRODUCTION 
The variable which has the most effect on gross 
shrinkage of ductile iron is its carbon equivalent. 
Other elements in ductile iron may affect the gating 
and risering of the irons in various ways. The effects 
of the various elements are discussed in the following 
sections. 


J. A. DAVIS is Engr., Proc. Met., Battelle Memorial Institute, 
Columbus, Ohio. 


60-99 


CARBON EQUIVALENT (CARBON, SILICON 
AND PHOSPHORUS) 

The carbon equivalent (C.E.) of ductile iron is 
generally calculated as the sum of the total carbon, 
plus 14 of the silicon, plus 14 of the phosphorus 
in the iron. As the carbon equivalent increases, the 
amount of graphite in the iron increases and less 
risering is required. 

Increasing the carbon equivalent to reduce the 
amount of metal needed in the risers is effective up 
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to an upper limit of about 4.3 per cent C.E. This is 
about the eutectic composition. If the carbon equiv- 
alent is much above the eutectic composition, nod- 
ules of graphite may float in the liquid metal and 
become concentrated near the cope surface of the 
castings. 

As the carbon equivalent is lowered, shrinkage of 
the iron during solidification increases 1) as the re- 
sult of the availability of less total carbon to form 
graphite and, 2) as a result of the fact that larger 
percentages of the total carbon present form massive 
iron carbides rather than graphite. If all of the car- 
bon forms carbides, a white iron of high shrinkage 
results. 

A relationship between the carbon equivalent of 
ductile irons and the sizes of risers required for simple 
castings made in green sand molds is shown in Fig. 1. 
The riser volume divided by the casting volume is 
plotted against the shape factor. The shape factor of 
the casting is defined as the length plus the width 
divided by the thickness of the casting. 

The effect of carbon and silicon content on the 
tendency of a ductile iron to form sponge-type shrink- 
age is shown in Fig. 2. 


COMPOSITION EFFECT 


Magnesium Content 

When the magnesium content of cast iron is above 
the amount necessary to produce nodules of graphite, 
the excess acts as a powerful stabilizer of massive car- 
bides and tends to produce white iron structures 
and increased shrinkage. Inoculation practice gener- 
ally can be adjusted to prevent the formation of 
white iron structures. 

Excessive amounts of magnesium also increase the 
amount of dross formed in the metal. Large amount 
of dross will interfere with the flow of the molten 
metal in the gates, runners and thin sections of the 
castings. The magnesium content of the metal should 


be controlled instead of attempting to remove the 
dross in the gating system. 


Sulfur Content 

The sulfur content of metal for the production of 
ductile iron is generally controlled to low levels, be- 
cause it is not economical or practical to use mag- 
nesium for desulfurizing. If excessive amounts of sul- 
fur are present, larger additions of magnesium will be 
necessary. The magnesium sulfide will form films 
on the molten metal, and the films will interfere with 
the flow of the molten metal. 


Tramp Elements 

Large amounts of carbide stabilizing elements (such 
as chromium and vanadium) will tend to cause white 
iron structures and high shrinkage in cast irons. How- 
ever, these elements are generally held to low levels 
for other reasons. Controlled amounts of promoters 
of pearlite (e.g., manganese or tin) usually do not 
contribute to inceased shrinkage. 

There are a large number of tramp elements which 
must be controlled to low levels to permit the forma- 
tion of proper graphite nodules. When the tramp 
elements are controlled to sufficiently low levels to 
permit the production of high quality ductile iron, 
the tramp elements should have little effect on gat- 
ing and risering practice. 


SUMMARY 


The carbon equivalent of ductile irons should be 
controlled at or above the eutectic point for maxi- 
mum riser efficiency. 

Magnesium and other carbide stabilizers should be 
held to the lowest possible level in order to produce 
a ferritic ductile iron for maximum riser efficiency. 

Dross forming elements (such as magnesium and 
sulfur) should be held to the lowest practical limit 
to improve the flow characteristics of the molten metal 
in the gating system and in the mold. 
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Fig. 2— Carbon and silicon contents effect on sponge type shrinkage. Also, effect of silicon 
content on carbon solubility in austenite at 2100 F (C. Reynolds, J. Maitre and H. Taylor). 





GREEN SAND DUCTILE IRON CASTINGS 
GATING AND RISERING 


by J. C. McCartney 





INTRODUCTION 


Nodular or ductile iron produced at the author's 
company has a section size of 4 to 4 in. with weight 
range from | to 120 lb and with a few parts exceed- 
ing 120 lb. All castings are made from green sand, on 
jolt squeezer or jolt rollover. Base iron is tapped at 
2850 to 2900F, inoculated and poured at 2650 to 
2550 F with a carbon range of 380-400 and a silicon 
content of 240-280. 


GATING PRACTICE 
The gating practice is a carry-over from malleable 


J. ©. McCARTNEY is Malleable Castings Engr., John Deere 
Malleable Works, East Moline, Ill. 


— mostly trial and error. The runner system is made 
large enough to permit choking to the satisfaction 
of the foundry. 

Before making a production pattern, trials are made 
from a wooden experimental pattern or the master to 
obtain a sound casting. As 90 per cent of the work 
has been made experimentally prior to production 
requirements, the gating was determined at that time, 
photographed and gating data recorded. This method 
is a great help in proceeding with production pat- 
terns. The data and photographs are useful for dis- 
cussions with the product engineers of any design 
changes to produce a sound casting, such as gate pads 
or an increase in section sizes. It has been found that 
the engineers are more willing to approve the 
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foundry’s request for changes if made while in the 
experimental stage rather than after the casting has 
been tried and tested. 

When a new part enters the plant, the foundry 
and pattern layout department discuss the part to 
determine the best gating area to produce a sound 
casting with the highest yield and the greatest num- 
ber of units on a match plate. 


RISER DIAMETER DETERMINATION 


After the gating area is determined, the diameter 
of the riser or bob is obtained by adding 114-in. to 
the vertical width of intake gate on gates under | in., 
and 2 in. to gates over 1 in. The height is twice 
this diameter. However the height may be reduced to 
1% times the diameter depending on the design of 
the casting, the method by which the iron enters the 
mold cavity and the pouring speed. 

The runner system is placed on the pattern to per- 
mit choking between sprue and riser, to create a 


swirl in the riser or to use a number of pressure 
gates. To date, no mathematical formulas to deter- 
mine the choke area are used. 

On the majority of the jobs, the iron enters the 
mold cavity’ directly through the riser intake gate. 
However, it has been found that on some designs 
when all the iron enters the mold cavity through one 
area, shrink may be found in front of the riser. To 
eliminate this type of shrink it is best to add one or 
more pressure intake gates into the cavity with a 
portion entering through the riser intake. This is 
particularly true of 1% to 114-in. sections. 

Dead bobs are not effective, and are used only to 
feed isolated bosses or heavy section, or to feed metal 
past an isolated section that it may set up free of 
carbide. 

All castings are sold and, with few exceptions, are 
used in the as-cast stage; therefore, it is necessary that 
extra bobs or heaters and controlled dumping to 
have a carbide-free casting are used. 





GATING AND RISERING DUCTILE IRON CASTINGS 
POURED IN DRY SAND MOLDS 


by D. M. Marsh 


INTRODUCTION 


The steps in procedure are presented for rigging 
the pattern, core boxes and gating and risering sys- 
tem for a new ductile iron casting. Attention is given 
to parting of the pattern with consideration for the 
best metal distribution, quiet pour and placement of 
risers for feeding heavy sections or hot spots. 

The gating system is calculated to provide a choke 
at the ingates using a 10:9:8 gating ratio. Dam gates 
are often used to prevent slag inclusions. Where prac- 
tical, bottom pouring is used to minimize turbulence. 
The pouring rate is usually fast. In uniform sec- 
tioned castings risers are seldom used, and good metal 
distribution is provided. Castings with isolated heavy 
sections have risers feeding these sections. If possible, 
gating is into the risers. Chills are used where the 
sections cannot be reached with risers. 

Carbon and silicon ratios are kept within the 
sound: casting range shown on the Reynolds-Maitre- 
Taylor diagrami from “Effect of the Composition of 
Nodular Irons on their gating and risering character- 
istics.” 

When prints for a new casting are received in the 
foundry, a conference is held by foundry personnel to 
establish the plane of parting of the pattern and the 
gating and risering details. The planning group con- 
sists of the foundry superintendent, metallurgist and 
pattern, molding and coremaking supervisors. 


D. M. MARSH is Fdy. Supt., Cooper-Bessemer Corp., Mt. Ver- 


non, Ohio. 


Consideration is given to the following features: 


1) Dimensions of available flasks. This may control 
to some extent the placement of downsprues, 
runner bars and risers or even the plane of parting 
of the pattern. 

2) Convenience to the molding department for ram- 
ming the mold. A rigid mold wall is considered 
essential to produce a sound casting. The pattern 
is parted to minimize the possibility of soft spots 
in the mold, if other considerations do not inter- 
fere. 

3) Will there be sufficient head on the metal to 
produce a sound casting? This may affect cope 
depth or the plane of parting of the pattern. 

4) The casting design is examined to see a) if a uni- 
form temperature gradient can be established or 
b) if not, where the casting will have to be fed or 
chilled. 


RISERLESS CASTINGS 

If the casting is of reasonably uniform section size, 
without the likelihood of hot spots, it may be safe to 
proceed without chills or risers. Use can be made of 
the rigid mold wall feature of the dry sand molding 
process. This phenomenon has been reported in de- 
tail by the AFS Gray Iron Div. Research Committee. 

To maintain an even temperature gradient in 
castings of uniform section, it is usually necessary to 
provide good metal distribution by gating into the 
mold cavity at several locations. If the first metal in 








has to travel too far it will lose considerable heat to 
the mold cavity as it progresses. This will put cold 
metal in remote sections causing directional solidifi- 
cation which is undesirable if feed metal is not pro- 
vided to the hot spots. It may also result in a “prune 
skin” surface on the casting, consisting of overlapping 
layers of metal coated with an oxide film. A fast 
pour is almost always provided for to promote uni- 
form section castings. Care must be taken, however, 
that the metal entering the mold cavity does not 
cascade excessively over cores or ledges in the mold 
cavity because this promotes dross formation. 

The pouring rate is selected from a chart (Fig. 1) 
which gives the cross-sectional ingate area needed for 
any given weight casting, depending on what pouring 
rate is selected. The author’s company chokes at the 
ingates, using a downsprue to runner bar to ingate 
ratio of 10:9:8. 

Flow-offs are provided for riserless castings to help 
assure uniformity of metal temperature within the 
mold. The flow-offs should be small enough that they 
will freeze before the expansion of mold walls and 
cores begins. If this is not done, liquid metal will be 
purged through the flow-offs. This will nullify the 
rigid mold wall advantage of the dry sand mold. 

Sometimes a similar “blossoming” effect can be 
seen in the pouring basin after the casting is poured. 
This can be corrected by using two small downsprues 
instead of one big one. 


CASTINGS REQUIRING RISERS 
Risers are provided on a casting where any of these 
conditions exist: 


1) A heavy section is adjoined by considerably light- 
er sections. 

2) Two or more metal sections form a junction, and 
consequently a hot spot. The riser is placed as 
close to the hot spot as possible. 

3) The casting section tapers markedly. The riser is 
placed at the heavy end. 

4) A thin core is surrounded by heavy metal sections. 
The thin core section once it is heated retains 
heat much longer than the surrounding metal. It 
also admits atmospheric pressure into the area. 
The result is often a porous section in the casting 
which leaks on test. 


Experience has shown that if hot spots cannot be 
avoided, feed metal must be provided. If possible, 
the metal should enter the mold through the riser 
or risers to assure that the hottest metal will be in 
the riser when pouring is finished. The riser must 
have an effective section greater than that of the 
casting section it is feeding. Care must be taken to 
prevent the riser neck from freezing off before feed- 
ing is complete. 

For designing blind risers the author’s company 
uses the ratios shown in Fig. 2. Open side risers are 
constructed in a similar manner. No set design is 
used for top risers. 

When economic considerations do not prevent it, 
the first casting is made without risers. This casting is 
cut up and examined for shrinkage. If shrinkage is 
found, then risers can be placed accurately. 
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INGATE AREA IN SQUARE INCHE S—~— 
POURING TIME iW SECONDS —> 











CASTING WEIGHT IN POUNDS — 


Fig. 1— Chart for determining cross-sectional ingate 
area, 


CHILLS, CHEMICAL CONTROL AND DROSS 


Chills are used only 1) where a dispersed porous 
area tends to occur, as in a fillet where a heavy 
flange meets a thin wall, or 2) where an internal hot 
spot cannot be reached with a riser. It has been 
found that a delicate balance of thermal gradients 
must be achieved. If the chill has too much mass, the 
porosity will merely be driven to some adjoing area. If 
it is too small, it will be completely ineffective. If 
possible, the spot should be fed rather than chilled. 


Heats are poured in the range: 


yh Spe om a “AGE bc H / 3.50-3.80 
TE ee ae i Be. 2.30-2.60 
BOISE so coe ivceescdesecccsniteen 0.30-0.50 


ie 


Fig. 2 — Side riser 
dimensions. A= DIA. 
section size: B— @G= B 
A+2 in.; C= 2B; 
D=% A; E=% 
A max. 
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{ POURING BASIN _| 





























COPE 
DRAG 7 Fig. 3—— Compressor cylinder body. 
CORE PRINT A 
\ 
‘ CORE PRINT 6 
\ 
CO) INGATE 
\ 
> 
‘ 
EES TEC Te eee TEE Pee ee 0.06-0.09 4) Pour fast, but quietly. 
Mg, % -- 0s eee cere cece eee eens 0.05-0.075 5) Place a small package of cryolite in the pouring 


A large variety of castings are regularly produced 
in this range with sections from 14 to 18 in. Although 
the range is rather wide, mold conditions (rigidity, 
etc.) apparently control solidity more than any com- 
bination of chemicals in this range. 

Dross is minimized by these practices: 


|) Gate into the bottom of the mold if this will not 
interfere with risering requirements. 

2) Avoid splashing the metal over ledges, against the 
the edges of cores or spewing it out of narrowing 
ingate orifices. 

3) Keep the metal circulating under overhanging 
cores or in pockets, but not violently. Dross is not 
as likely to be trapped if the metal is circulating. 





Fig. 3a — Section X — X of compressor cylin- 





basin before pouring. The pouring basin is kept 
full throughout the pouring operation. 


Following are some examples to illustrate various 
gating and risering methods used to produce sound 
castings. 

The compressor cylinder body, shown in Fig. 3 and 
Fig. 3a had a casting weight of 3,120 lb, pouring 
weight of 4,000 Ib, fast pour and casting section was 
2 in. max — l4-in. min. The metal is poured into the 
bottom of the mold cavity in two stages. First, it 
enters the runner bar at the joint, and then is 
carried under gate cores (core prints A) and the 
pocket cores (core prints B) into the mold. Chills 
are rammed up in the barrel core adjacent to the 

















der body shown in Fig. 3. 








CHILLS 




















CORE PRINT B 


INGATE CORE PRINT A 











Fig. 4— Turbine inlet casing — half section. 


edges of the thin water jacket core section. These are 
spots where porosity occurred before chills were used. 

The considerable size of the casting, the mass of 
the cores and scattered thin sections call for a fast, 
quiet pour. This casting is not risered. 

Figure 4 shows a turbine inlet casing, which has a 
casting weight of 130 lb, a pouring weight of 300 lb, 
fast pour and a casting section max. 114-in— 34-in. 
min. This casting has three heavy sections, consisting 
of the top and bottom faces and the bore. The gas 
passage walls are predominately thin (3-in. section 
thickness). The exterior surfaces of the gas passages 
are water cooled and the bore must hold oil The 
machined casting has several circles of blind bolt 
holes. The casting must be completely sound through- 
out. 
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Figs. 6a and 6b— Gear blank, weight 22 Ib. Intake 
gate %x1\% in. Bob—3 in. diameter x 6 in. high 
(height taken from bottom of intake). In Fig. 6a — 
No. 1 (left) — dead bob, shrink in gate and hub; no. 2 
(center) — live bob, shrink in hub; no. 3 (right) — 
live bob same size as nos. 1 and 2, but pouring speed 
reduced by decreasing the choke area from 0.62 sq in. 
to 0.31 sq in. 


The top face and bore are fed by the top riser. 
The bottom face is chilled by the use of 8 cupcake 
size chills and 8 smaller chills between the large ones. 
The thin gas passage walls tended to feed from the 


Fig. 5—-Compressor inlet scoop— half sec- 
tion. 
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heavier sections and cause leakers before this some- 
what expensive method was adopted. The dotted 
lines indicate some of the machined contours of the 
finished casting. 

Figure 5 shows a compressor inlet scoop with a 
casting weight of 1220 lb, a pouring weight of 2000 
Ib, fast pour and a casting section of max. 2 in. 
—min. %,-in. This casting has a considerable varia- 
tion in section thickness because of the vanes, some 
being quite thin while others flare out to about 2 in. 
Notice that iron enters the bottom ring through tile 
gates. Parts of the first metal in flows through a 
runner into the funnel-shaped section; otherwise it 





Fig. 7 — Ductile iron. Bob — 2\4-in. diameter x 5 in. 
Gate % x 1\4-in. Casting weight, 17%4-lb. 









Fig. 8— Ductile iron. No. 1=2% diameter x 5%. 
Gate % x one in. No. 2 — gates % x 4-in. No. 3 — 
bobs 2 in. diameter x 2-in. high. Gates % x %-in. 
Casting weight 20 Ib. No. 3 intake and bobs are bleed- 
ers only. No. 2 gates to heat section only. 


would have to rise and cascade down from the top, 
causing cold laps. 

The risers are placed on the top flange directly 
over the thick ends of the vanes. In this case, it was 
not practical to gate into the risers because of turbu- 
lence. Pouring rate must be fast because of the large 
mold and core mass, and the great distance the 
metal must flow. 





SHELL MOLDED DUCTILE IRON 
CASTINGS GATING AND 
RISERING FOR VERTICAL POURING 


by H. O. Meriwether 


GATING SYSTEM DESIGN STEPS 
. Select the desired pouring time. 
. Calculate effective sprue height (E. S. H.). 
. Calculate area of choke needed. 
. Calculate runner size required. 
. Calculate runner gate size. 
. Calculate total ingate area. 
. Calculate riser and riser connection sizes. 


“I> OP CODD — 


Pouring Time 
The desired pouring time is calculated from the 
formula: 
Pouring time = K, X \/casting weight 


H. O. MERIWETHER is Fdy. Methods Supvr., Lynchburg Found- 
ry Co., Lynchburg, Va. 





where K, is a constant dependent upon the section 
size of the casting. The value of K, in the author's 
company’s shop for 3% to 1 in. sections is 1.8. For 
thinner sections K,= 1.4, and for heavier sections 
K, = 2.0. These constants have been arrived at 
through a thorough study of the low loss jobs and 
seem to be satisfactory. 


Effective Sprue Height (E. S. H.) 
The E.S.H. is calculated from the formula: 


p2 


Effective S i =H— 
ective Sprue Height = H oC 





where: 
H = Height of metal above choke. 
C = Height of casting. 

P = Height of casting above choke. 


















Typical shell mold gating. 





YT) 
QALY 


Section A-A 


<7 


Section B-8 











Te 


Secrion Cl 





Choke Area Calculation 

The formula for the calculation of the area of 
choke is: 

K, X Pouring Weight 
Pouring time X \/E.S.H. 


where K, is a constant determined experimentally in 
the company’s foundry to be 0.20. This constant com- 
pensates for the fluidity of the iron, the frictional loss 
through the gating system and the force of gravity. 


Area of choke = 





Runner Size Calculation 

The calculation of the runner size is done in two 
steps. First the pouring rate has to be figured, and 
this is done by the formula: 


Area Choke \/Effective Sprue Height 
K, 





Pouring Rate = 





Where K, = 0.20 (Same as in 3.) 


Using this pouring rate and a desired velocity in the 
runner for slag clean up of 8 in./sec, the desired 
runner area is calculated by the formula: 


Pouring Rate 
0.245 X Velocity (8 in. sec) 


Where 0.245 Ib/cu in.= density of molten ductile 
iron. 


Runner Area = 





Runner Gate Area Calculation 


The runner gate is calculated from the equation: 
Runner Gate Area = 2 X area choke 


Total Ingate Size Calculation 


The ingate area is calculated from the equation: 
Ingate area = 2 X Area Choke 


Riser and Riser Connection Sizes Calculation 

The riser sizes, position and connections are a com- 
bination of calculations and experience. The riser is 
calculated to have a greater cooling factor than the 





section it is designed to feed plus a safety factor. It is 
important to keep the connection large enough and 
close enough to the casting to stay open until after the 
riser has fed the casting. The formulas used for cal- 
culation of riser size is: 


Volume 
Area 


Riser connections are found from the formula: 





Riser Diameter = Casting Section X 5 


Diameter of Riser 














Riser connection (Dia) = r + VY in. 
Typical Shell Mold Job Calculations 
1) P.T. = K, X VC.W. = 2.2 \/64 = 17.6 sec 
~— Se oe |e 
2) E.S.H.= H 9G = 23 7X90 13 
3) A.C. = K, X C.W. = 34 Xx 64 _ 
P.T.X VES.H. 17X v/13 
1] 
0. —¢=0. 
36 use 16% 0.371 
_AC.X YESH. _ 0.37113 _ 
4) PR.= K, = 34 = 3.9 Ib/sec 
a See = 





~ 0.245 X Vel” 0.245 X 8 
2. use 2144 w X 4 h Both Sides = 2.16 


5) R.G.A. = A.C. X 2 = 0.371 X 2= 
0.742 use 7% w X 4 h Both Sides = 0.786 


6) LA. = A.C. X 2= 0.371 X 2= 
0.742 use 114 w X \% h Both Sides = 0.730 


ser = Vx 5 «V -aBetude 
7) Riser = 7 5 A Of long bar = Fea 5=56@ 


7) Riser Conn = Dot Ruser + yr=1%4¢ 


8) Pouring Basin = For P.R. of 31% lb/sec to 6 lb/ 
sec use 314 ¢ 


9) Sprue Basin = 2 times runner height or minimum 
of l%¢e 












NONFERROUS BINARY 
ALLOYS HOT TEARING 


by R. A. Rosenberg, M. C. Flemings and H. F. Taylor 


ABSTRACT 


A test was developed and adapted for studying the 
relative hot tearing tendencies of nonferrous alloys. 
Resistance to hot tearing was rated as the maximum 
length of test casting in inches that could be made 
free of tears (the greater the length, the greater the 
resistance of the metal to tearing). Alloys studied were 
aluminum-magnesium (0 to 12 per cent Mg), alumi- 
num-tin (0 to 10 per cent Sn), aluminum-copper (0 to 
15 per cent Cu), magnesium-aluminum (0 to 20 per 
cent Al) and magnesium-zinc (0 to 10 per cent Zn). 

It was concluded that small amounts of alloying ele- 
ments lower the resistance of otherwise pure metals 
to hot tearing by formation of “pockets” or “films” 
which remain liquid as much as several hundred de- 
grees below the freezing temperatures of the pure 
metal. These liquid regions lower strength and ductility 
of the solidifying metal. Various alloying elements 
affect hot tearing in different ways, due in part to the 
shape of the resultant films or pockets. When enough 
alloying element is added to a pure metal so that 
eutectic is present in amounts greater than that nec- 
essary to completely surround the primary grains with 
a thin film, resistance to hot tearing increases due to 
improved feeding on a micro-scale. 


INTRODUCTION AND LITERATURE SURVEY 


When a casting solidifies and cools in a sand mold, 
it undergoes a certain amount of solid state contrac 
tion. If this contraction is hindered by the mold or 
cores, or by disparate sections designed into the cast- 
ing, partial or complete rupture of a segment of the 
casting may occur during solidification and cooling. 
Under certain conditions rupture can take place at 
relatively low temperatures (near room  tempera- 
ture); however, fractures usually occur at much 
higher temperatures (near the solidus of the alloy) 
and are termed “hot tears.” Today, most investigators 
are in agreement that hot tearing occurs before solid- 
ification is complete; this applies for ferrous!-4 and 
nonferrous alloys.1-5-10 

Veroe5 was the first investigator to study hot tear- 
ing as a function of alloy content in aluminum binary 
systems. He measured average crack length in “U” 
shaped, permanent mold test castings. In studying alu- 
minum silicon alloys, he showed that the severity of 
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hot tearing increased as the silicon content was raised 
to 1.90 per cent. Tearing rapidly decreased when sili- 
con was added in larger amounts. Veroe calculated 
that in alloys containing more than about 12 per 
cent liquid during the critical stage of solidification, 
cracks caused by hindered contraction would be filled 
by liquid so that hot tearing would not occur. 

Later studies®.11 confirmed that hot tearing de- 
creased with increasing eutectic content (above a cer- 
tain minimum amount); these studies also indicated 
that hot tearing decreased with 1) decreasing grain 
size and 2) increasing gas content. 

Singer et al? conducted elevated temperature ten- 
sile tests on several aluminum-silicon alloys, and 
found the alloys possessed finite strengths but no 
ductility at temperatures well above the solidus. The 
temperatures at which the alloys no longer showed 
finite tensile strengths were taken as the upper lim- 
its of a “hot shortness range”; lower limits were the 
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Fig. 1— Range of hot shortness for aluminum-silicon 
system. 


























Fig. 2— Plan view of test pattern. 


solidus temperatures (Fig. 1). Alloys with a large 
hot shortness range should be more prone to hot 
tearing than others. 

Bishop et al! concluded that hot tearing resulted 
from contraction during the late stages of solidifica- 
tion. Working with aluminum-copper and aluminum- 
silicon alloys (as well as steel) they concluded that 
tearing takes place during a “film stage” of solidifi- 
cation (when about 10 per cent liquid remains near 
the surface of the casting). 


Magnesium Alloy Hot Tearing 


Other investigators have felt that hot tearing in 
magnesium alloys is also a function of a hot shortness 
range.®.10 Spektorova and Lebedeva® found no tears 
in compositions near the eutectic; they also noted 
that fine grains decreased the range of hot shortness, 
and therefore should decrease tearing resistance. 

Recently, Dodd studied tearing in magnesium-alu- 
minum and magnesium-zinc alloys using a ring type 
test.19 He showed that magnesium alloys are not as 





Fig. 3 — Series of test castings of aluminum-6 per cent 
tin (grain refined). The longer casting tore completely 
at the cylindrical section change; tears were observed 
externally at the critical area of the middle casting; no 
tears were observed on the smaller test casting. 
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susceptible to tearing as constitutionally similar alu- 
minum alloys. Gamber!? developed a hot tear test 
of the “U” type for both magnesium and aluminum 
alloys, which is reported to be superior to the various 
ring type tests. 

In the investigation reported herein, studies were 
conducted of 1) the relative hot tearing tendency of 
a number of binary alloys and 2) tearing tempera- 
tures of several alloys. Metallographic, chemical and 
microradiographic techniques were employed to as- 
sist in developing a better understanding of the fun- 
damental mechanism of hot tearing. A discussion is 
presented of the fundamental aspects of hot tearing 
which agrees in many details with theories proposed 
earlier. However, this discussion delineates clearly 1) 
the important role of feeding (on a micro-scale) in 
determining hot tearing characteristics and 2) the 
role of shape and distribution of low melting segre- 
gates in determining hot tearing characteristics. 


EXPERIMENTAL INVESTIGATION 


Melting, Molding, Test Pattern 


The test adopted for hot tearing in this work was 
essentially one developed during previous studies at 
M.1.T.2-18 The test pattern consisted of a long, thin 
cylinder joined to a heavier cylindrical section; the 
ends of the test pattern were restrained by flanges. 
Lengths of the thin cylindrical bars were increased or 
decreased in a test series so as to vary severity of hot 
tearing (Figs. 2, 3), and the hot tearing tendency of 
each alloy was rated as the maximum length test 
casting that could be made free of tears. 

If a test casting was not visibly torn, a section was 
cut from the area susceptible to tearing, polished, 
etched and examined (Fig. 4). Castings were con- 
sidered free of tears if none were visible when the 
section was examined at 10 X magnification. 

Tearing was studied in the binary systems alumi- 
num-magnesium, aluminum-tin, aluminum-copper, 
magnesium-aluminum and magnesium-zinc. Alumi- 
num-tin alloys were grain refined by addition of 0.18 
per cent titanium to each melt; aluminum-magnesium 
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Fig. 4 — Critical sections of aluminum-2.90 per cent copper (grain refined). 


Left — no tears; center — tear across section; right — completely torn section. 


alloys were not grain refined; aluminum-copper al- 
loys were tested in the grain refined and non-grain 
refined conditions. The charge materials used in the 
aluminum heats, depending on the alloy studied, 
consisted of aluminum (99.90 per cent), high pu- 
rity tin, magnesium (99.98 per cent), aluminum-cop- 
per master alloy (50 per cent Cu) and aluminum-ti- 
tanium master alloy (5 per cent Ti) for grain re- 
finement of aluminum alloys. Magnesium heats, de- 
pending on the alloy tested, were made from mag- 
nesium (99.98 per cent, aluminum (99.99 per cent) 
and high purity zinc. 
All alloys were melted in 30 Ib heats by standard, 
carefully controlled procedures. Aluminum heats 
were melted in graphite crucibles in a gas-fired fur- 
nace. The aluminum-magnesium and aluminum-cop- 
per alloys were degassed in the furnace with dry 
nitrogen at 1350-1400 F; aluminum-tin alloys were de- 
gassed with chlorine at the same temperature. Pour- 
ing temperatures were 120-130 F above the liquidus. 
Magnesium alloys were melted in steel crucibles 
placed in a gas-fired furnace. A proprietary flux was 
used to minimize burning, and degassing was by 
means of a solid degasser which contained chlorine. 
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The solid degasser was plunged into the crucible at 
1400 F and held until completely volatilized; this 
treatment resulted in grain refinement of the magne- 
sium-aluminum alloys, as well as degassing of the 
alloys. Pouring temperatures for all alloys were 120- 
130 F above the liquidus. 

Several molds were prepared for each alloy tested; 
the molds differed from oné another only in the 
length of the restraining sections (Fig. 2). Mold hard- 
ness for all castings was kept as close as possible to 
number 50. Composition of the sand mixture for the 
aluminum castings was: 


ee 100.00 
Southern bentonite, Ib ............ 5.00 
ee ee 0.75 
EME. So es. 2 eee anata 3.50 


Composition of the sand mixture for the magnesium 
castings - was: 


Se ere 100.00 
Southern bentonite, Ib ............ 4.50 
CIEE 205565. ceckaesionons 1.50 
Ri ek ol aha a eiahw ies ease 1.50 
Diethylene glycol, Ib .............. 1.50 
EE a Saison sda s «Kad es 6S 00 .. 3.00 


Hot Tearing Ratings 

‘Results of hot tearing experiments on the various 
alloys studied are given in Figs. 5-9. For each alloy 
system, the curve relating hot tear resistance to com- 
position is superimposed on the appropriate phase 
diagram. Crosses refer to test castings which were torn; 
triangles represent test castings which showed no tears 
after careful examination. 

Both pure aluminum and pure magnesium tore 
when the length of the restraining bar was approxi- 
mately 12 in.; addition of small amounts of solute to 
the pure metals decreased resistance to tearing. Some 
alloys decreased this much more drastically than oth- 
ers; for example, when 14-per cent of tin was added 
to aluminum, resistance to tearing was reduced by a 
factor of 3; however, a similar amount of copper 
had only a relatively small effect on tearing. 

Minimum tear resistance for the aluminum-magne- 
sium alloys studied was 9 in. (at 4-6 per cent Mg); 
for the aluminum-copper alloys it was 31,4-in. (at 


























24 . 
te L x =TORN CASTING _] 
1220°F O -NO VISIBLE TEARS 
.o- 
x 
oO 
2 x a 
Jeb q 
rc) 
q = L+Sn a 
. Fig. 6 — Hot tear- 
2 i2e ad ing characteristics 
y of aluminum-tin al- 
P «| a. loys superimposed 
2 : fo on portion of 
7 / ~~ phase diagram. 
- =x x x re) 
S / 
2 3 / 4 
5 ABE d. 444°r 
Go 4m x x / oo 7] 
Yor Al + Sn 
0 | | ij 


WEIGHT PERCENT TIN 


5 per cent Cu), and for the aluminum-tin alloys it 
was less than 3 in. (at 0.25-5 per cent Sn). Mini- 
mum tear resistance for the magnesium-aluminum 
alloys was 7 in. (at 4 per cent Al), and for the 
magnesium-zinc alloys it was 514-in. (at 5 per cent 
Zn). 

In all alloys studied, tear resistance was a Minimum 
at one or more compositions in the range of 4 to 10 
per cent alloy additions; addition of larger amounts 
of solute increased resistance to tearing. Results of 
this study agree qualitatively with those of previous 
investigators, although in most cases hot tearing 
curves are shifted somewhat to the right of those ob- 
tained earlier.19.11 This is perhaps due to better 
feeding of castings tested in the work reported here- 
in. Surprisingly, grain refining was found to have no 
effect on hot tearing with the experimental methods 
employed. Fig. 7 compares tearing characteristics for 
grain refined and non-grain refined aluminum-cop- 
per alloys; within experimental error, the curves are 
identical. 





24 T T T 


x — TORN CASTING 
O -NO VISIBLE TEARS 


— 


Fig. 8 — Hot tear- 
ing characteristics 
of magnesium- 
aluminum alloys 
superimposed on 
portion of phase 
diagram. 








DISTANCE BETWEEN FLANGES, INCHES 











‘ | 
° 5 10 15 20 
WEIGHT PERCENT ALUMINUM 


521 








24 T T T T 
GRAIN REFINED 


NON - GRAIN REFINED 


220°F L 





DISTANCE BETWEEN FLANGES, INCHES 





= x -TORN CASTING — 
© -fo vinous TEARS 

















° 5 10 56 Oo 5 10 15 
WEIGHT PERCENT COPPER 
Fig. 7— Hot tearing characteristics of nongrain re- 
fined and grain refined alumi opper alloys super- 
imposed on portion of phase diagram. 





HOT TEARING TEMPERATURE 
DETERMINATION 


Test Procedure 

Although much research has already been done 
to measure temperatures at which hot tearing 
occurs?-14,15,16,17 4 portion of this investigation was 
directed toward this end, with the particular aim to 
obtain an accurate;measurement of the amount of 
solid present in nonferrous alloys when tearing occurs. 
The test method developed and used was to observe 
the solidification of a test casting through a vycor 
glass window; the time at which tearing first be- 
came visible was recorded and related to the temper- 
ature of the casting at that time. 

The test pattern employed was similar to that used 
for measuring hot tearing in the first part of this 
study, except that it had a square (rather than 
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round) cross-section (Fig. 10). The pattern was mold- 
ed in sand and a clear vycor glass “window” was 
placed over the section likely to tear. A vycor plate 
was also placed over the remainder of the cope side 
of the test casting to equalize cooling conditions on 
this face. A chromel-alumel thermocouple was placed 
in the mold cavity Y-in. behind the region of 
change in cross-section and about \4-in. below the 
parting line; the thermocouple was connected to a 
continuous recorder. 

Sand over the glass window was removed before 
pouring. When metal was poured into the mold a 
continuous cooling curve was obtained, and solidifi- 
cation of the casting could be observed through the 
glass plate in the vicinity of the abrupt change of 
cross-section. Thus, the formation of hot tears was 
visually (or photographically) observed, and the time 
of tearing correlated with the thermocouple data be- 
ing obtained. 

The apparatus described above was used to meas- 
ure hot tearing temperatures of aluminum alloys 
containing from 0.5 to 4 per cent tin. These alloys 
were chosen because: 


1) Aluminum-tin alloys containing less than about 4 
per cent tin have low resistance to hot tearing 


(Fig. 6). 


Fig. 10— Mold setup for observing hot tearing in 
aluminum-tin alloys. 


2) Aluminum has almost no solubility for tin. As a 
result, the per cent solid existing at a given tem- 
perature. can be calculated with greater accuracy 
than if solubility were higher (Appendix). 

3) Near the end of solidification, a large drop in 
temperature results in little freezing. For example, 
in an aluminum | per cent tin alloy, 90 per cent 
of the freezing occurs within 22 F of the liquidus, 
and the next 9 per cent solidifies over a range 
of 752F; the last 1 per cent freezes as’ eutectic 
(Fig. 11). When calculations of per cent solid are 
made in the region of 90-99 per cent solid, these 
calculations can be made with a high degree of 
accuracy. Small variations in temperature from 
center to surface of a casting are unimportant. 


As an example, when the center of an aluminum- 
1 per cent tin test casting is 1150F it is approxi- 
mately 97 per cent solid. If the surface of the cast- 
ing were as much as 40F lower than the center it 
would still only be 98 per cent solid; the casting 
surface would have to be 706 F lower than the center 
for it to be 99 per cent solid. Actually, only shallow 
temperature gradients are present in these alloys, and 
during freezing the surface temperature is not far from 
that of the center. 


Tearing Temperature 


Figure 12 shows a sequence of photographs taken 
during solidification of an aluminum-] per cent tin 
alloy in the test apparatus. Initial tearing began 
at 1120F; at this-temperature the alloy is 98 per 
cent solid (Fig. 11)..Actual temperaure measure- 
ment for this calculation was in the center portion 
of the casting; however, the surface must also be 
nearly 98 per cent solid for the reasons discussed 
above. 
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Fig. 11— Temperature vs. weight per cent 
solid for aluminum-tin alloys calculated from 
+ equation (3) of Appendix. 
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Fig. 12 — Series of enlarged photographs showing initiation (at 1120 F), and subsequent propaga- 
tion, of hot tears in critical area of a test casting of aluminum-1.0 per cent tin. Left — top — 1243 F, 
bottom — 1120 F; center — top — 1053 F, bottom — 1025 F; right — top — 897F, bottom — 560 F. 


A number of test castings were poured to measure 
effects of casting length, tin content and pouring 
temperature on temperature of hot tearing. In all 
cases, tearing was found to begin at between about 
95 and 98 per cent solid (Fig. 13). Increasing the 
pouring temperature appeared to increase tempera- 
ture of tearing slightly, but it would be necessary 
to pour more castings to confirm this observation. 


HOT TEARING MECHANISM 


In agreement with previous studies,!-1° this investi- 
gation has shown that hot tearing occurs late in the 
solidification process. At some time near the end 
of solidification, thinner sections of a casting become 
“coherent” (acquire measurable tensile strength) and 
begin to contract. If the molding material is relatively 
rigid, the contraction stresses are transferred to hotter, 
weaker locations. At these locations (hot spots) one or 
more effects will occur: 


1) Liquid may flow into the region of the hot spot, 
preventing formation of open hot tears. This will 
happen if thermal gradients are steep so that sub- 
stantial liquid is present in the hot spot during 
cooling and contraction of the thinner member. 


2) The region of the hot spot may gain sufficient 
strength and/or ductility that open hot tears will 
not form. This will happen if the hot spot is 
sufficiently solid (and if solidification mode is 
favorable) so that it can withstand the applied 
stress. 

3) Intergranular failure (open hot tears) may occur 
at the hot spot. 


Each of the above is described in more detail 
below. 


Liquid Flow 


Figure 14 shows the progress of solidification of an 
aluminum-| per cent copper alloy in the hot tear 
casting. The figure is schematic, but is based on 
actual thermal measurements, and on calculations us- 
ing equation (2) of the Appendix. After 2 min, the 
thin section of the casting is completely solid and is 
contracting; at this time the fillet area (where tear- 
ing occurs) is still almost entirely liquid, and liquid 
can flow readily to compensate for contraction in 
the thin member. 

After 4 min, the fillet portion of the casting is 
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Fig. 13 — Hot tearing temperature vs. weight per cent 
tin for aluminum-tin alloys of varying length. Cast 
from 1500 and 1425 F. 


about 90 per cent solid near the thinner section 
and 50 per cent solid near the heavy section. Liquid 
can still flow between the grains to compensate for 
contraction. Solidification of the entire filleted area is 
complete only after 15 min; during much of this 
time, feed channels are open in the critical location 
and liquid flows readily to fill incipient hot tears. 
If open hot tears are to occur, contraction stresses 
must be exerted on the critical area late during 
solidification when liquid can no longer flow. 
That liquid does flow to relieve contraction stresses 
is often evidenced by segregation in regions of cast- 
ings susceptible to hot tearing. Liquid which feeds 
shrinkage (or tears) late in the solidification process 
is relatively rich in solute, and so leads to positive 
segregation in locations to which it flows. Figure 15 
summarizes results obtained in this study on alumi- 
num-1.10 per cent copper hot tear test castings. Move: 
ment of liquid late in solidification resulted in in- 
creased copper content at or near the fillet area, par- 
ticularly in castings with long restraining members. 
Segregation, such as that described, is usually fairly 
diffuse and is not observable metallographically or 
by similar techniques; it is usually not deleterious to 
service properties of castings. Occasionally, however, 
the segregation appears in narrow zones which are 
rich in low melting constituents. Figures 16 and 17 
are two examples of this. Sometimes (particularly in 
certain magnesium alloys) the zones are visible as 
light or dark streaks on radiographic films. This type 











of segregation may or may not be deleterious to prop- 
erties (depending on degree, location, solution treat- 
ment employed, etc.). 

In view of the relation between feeding (on a 
micro-scale) and hot tearing, it is not surprising that 
alloys which are relatively free of microporosity are 
usually also less prone to hot tear. Optimum resist- 
ance to tearing is obtained in alloys which 1) freeze 
over a narrow range of temperature and/or 2) pos- 
sess relatively large amounts of eutectic liquid; these 
are the alloys usually susceptible to microporosity. 
Also, foundry techniques which reduced microporos- 
ity (improve feeding) almost always reduce or elim- 
inate hot tears; these techniques include improved 
directional solidification through use of chills, use of 
insulating or exothermic materials, improved design 
for feeding, etc. 


Solid (or Nearly Solid) Casting 
Strength and Ductility 

Although feeding on a micro-scale is of great im- 
portance in determining hot tearing characteristics, 
other factors may also have an influence. For exam- 
ple, it is difficult to explain, on the basis of feed- 
ing alone, why 14 per cent of tin reduces resistance to 
tearing so much more drastically than does a similar 
amount (or much larger amount) of copper. 

Late in the solidification of sand castings flow of 
liquid metal is restricted by the narrow interden- 
dritic channels remaining,!*-19 and so the liquid can 
no longer fill incipent tears. At this point, alloys 
which will be most resistant to hot tearing will be 
those that gain strength and ductility rapidly. An ex- 
ample is the excellent resistance to tearing of pure 
metals, due to their “skin type” freezing; outer 
portions of castings of a pure metal may be strong 
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Fig. 15 — Distribution of copper in critical hot tear 
area in 2%¥-in., 5¥2-in., 7¥2-in. and 12%-in. length 
castings of aluminum-1.10 per cent copper-0.18 per 
cent titanium. One-half in. R fillet joining 2 in. to 
¥2-in. cylindrical section represented on above diagram 
from 0 to + %-in. 





Fig. 16 — Microradiograph of critical area of hot tear 
test casting. Aluminum-6.6 per cent copper (grain 
refined); length of restraining section was 742-in. Dark 


streaks are segregate; the two white streaks near the 
surface are fine hot tars. Original magnification ap- 
proximately 8 X. 
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and ductile while central portions are highly fluid. 
Low alloy steel, tree of sulfur and other impurities 
can behave in somewhat similar fashion.?° Pre- 
sumably, binary alloys with a large amount of eutec- 
tic should also gain strength rapidly near the end of 
solidification, because the eutectic freezes at or near 
a single temperature. 

Small amounts of many alloying elements, or im- 
purities reduce the tearing resistance of pure metals 
by lowering strength and ductility of the semi-solid 
casting. This occurs because lower melting segregates 
form at grain boundaries. An extreme example is 
shown in Fig. 11. As little as 4 per cent tin added to 
pure aluminum lowers the temperature of final soli- 
dification by over 700 F (from 1220 to 444 F). Over 
99 per cent of the alloy solidifies near the melting 
point of pure aluminum, but approximately the last 
Y per cent must cool over the 700 F interval before 
solidifying completely. 

In this and similar cases, the last small amount of 
liquid is nearly all distributed between the primary 
grains of the solidified metal. The casting is so nearly 
solid that the small amount of liquid remaining can- 
not flow to fill incipient hot tears. However, there 
is sufficient liquid present so that the nearly solid 
casting possesses extremely low strength and ductil- 
ity. 

Results from this study indicate the shape and dis- 
tribution of liquid segregates existing in a casting 
near the end of solidification have an important bear- 
ing on hot tearing characteristics (by affecting 
strength and/or ductility) of the nearly solid casting. 
The shape and distribution of the liquid segregate 
is affected by factors such as surface tension, amount 
of solute, diffusion rates, etc. 

Metallographic examination of a large number of 



























Fig. 17 — Microradiograph of critical area of hot tear 
test casting. Aluminum-9.96 per cent copper (not grain 
refined). Length of restraining section was 91-in. 





test castings showed that 1) minimum resistance t 
tearing was usually found when just sufficient eu 
tectic was present in the casting microstructure to 
surround each individual dendrite and 2) there wa; 
a marked difference in the amount of alloying ele 
ment (or of calculated per cent eutectic) required to 
effect this complete surrounding. For example, it 
aluminum-copper alloys, the last eutectic liquid tended 
to separate into small, apparently isolated “pockets” 
the eutectic did not visibly surround each grain unti! 
about 5 per cent copper (corresponding to 12 per cen: 
eutectic) was present in the alloy (Fig. 18). 

Minimum resistance to hot tearing in the alumi 
num-copper system was observed at about 5 per cent 
copper; small additions of copper had a relatively 
small effect on hot tearing. In aluminum-tin alloys 
different results were obtained. A fine “film” of eu- 
tectic appeared to surround each grain when tin was 
present in amounts less than about 0.5 per cent (cor- 
responding to about 0.5 per cent eutectic). Minimum 
tearing was observed in this system at about 0.5 per 
cent tin. 

An interesting correlation was observed between as- 
cast tensile strength and resistance to hot tearing. 
Figure 19 is a typical example for the magnesium- 
aluminum system. Similar results were obtained for 
magnesium-zinc and aluminum-copper alloys. Maxi- 
mum as-cast tensile strengths in each system were ob- 
tained in the alloy with minimum resistance to tear- 
ing. This is apparently because in each case the 
solute produces a relatively brittle eutectic. Increasing 
amounts of solute increase strength until enough of 
the brittle constituent is present to completely sur- 
round each grain; lower strengths then result with 
further additions. Thus as-cast tensile strength de- 
creases from a maximum, and resistance to hot tear- 





Dark streaks are segregate; light areas are incipient 
tears of microporosity. Original magnification approxi- 
mately 8 X. 














Fig. 18 — Photomicrographs showing distribution of segregate in grain refined 
aluminum alloys containing 1.96 (left), 5.03 (center) and 7.25 (right) per 





cent copper. Minimum resistance to tearing is at about 5 per cent copper. 


ing is at a minimum, for alloys where each grain is 
completely surrounded by eutectic. 


CONCLUSIONS 


A new test was developed for studying relative hot 
tearing resistance of nonferrous alloys. Alloys studied 
were aluminum-magnesium (0 to 15 per cent Mg), 
aluminum-tin (0 to 10 per cent Sn), aluminum cop- 
per (0 to 15 per cent Cu), magnesium-aluminum 
(0 to 20 per cent Al) and magnesium-zinc (0 to 10 
per cent Zn). 

Hot tearing resistance was rated as the maximum 
length test casting (in inches) that could be made 
free of tears—the greater the length, the greater the 
resistance to tearing. For all alloy systems, resistance 
to tearing was high for low solute additions, decreased 
to a minimum and then increased with further addi- 
tions. Minimum resistance to tearing (measured in 
inches of sound test bar) for the aluminum-magne- 


Fig. 19 — As-cast ultimate tensile strength and hot 
tear characteristics for magnesium aluminum alloys. 


sium alloys studied was 9 in. (at 4 to 6 per cent Mg), 
for the aluminum-copper alloys it was 3%%-in. (at 5 
per cent Cu) and for the aluminum-tin alloys it was 
less than 3 in. (at 0.25-5.0 per cent Sn). 

Minimum resistance to tearing for the magnesium- 
aluminum alloys was 7 in. (at 4 per cent Al), and 
for the magnesium-zinc alloys it was 5¥-in. (at 5 per 
cent Zn). Results of tests conducted on aluminum- 
copper alloys showed no apparent effect of grain re- 
finement on hot tearing. Experimental evidence and 
calculations showed test castings of aluminum-tin al- 
loys (0 to 4 per cent Sn) tore when they were ap- 
proximately 95-98 per cent solid. 

Small amounts of alloying elements lower resistance 
to tearing of pure aluminum and magnesium. This 
is because the alloys form liquid films or pockets which 
reduce strength and ductility to the nearly solid cast- 
ing. Some alloying elements reduce resistance to tear- 
ing much more than others. This is due, in part 
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at least, to the different shapes of the last liquid areas 
to freeze. 


Minimum resistance to tearing is obtained in a 
given (eutectic) binary system when just enough eu- 
tectic is present to completely surround the primary 
grains. Solutes in amounts greater than that necessary 
for the eutectic to completely surround primary 
grains increases resistance to tearing. This is due to 
influx of liquid to the areas susceptible to tearing 
(filling of incipient tears). 
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APPENDIX 


Per Cent Solid Calculations as Function of 
Solidifying Nonferrous Castings Temperature 

In practice, the assumptions of “complete non- 
equilibrium” solidification appear to describe fairly 
well the solidification of many aluminum alloys. 
These assumptions are 1) no diffusion in the solid 
state, 2) complete diffusion in the liquid state on a 
micro-scale and 3) no macrosegregation. Based on 
these assumptions, the amount of liquid present at 
any point in a solidifying casting can be expressed 
as a function of the temperature at that point, and 
the amount of eutectic present in the final casting 
can be readily determined. 

The method for making the calculations has been 
outlined by several investigators, including Scheil.?1 
For alloy systems where the liquidus and solidus are 
essentially straight lines, the general expression for 
the liquid fraction can be written as a function of the 
liquid composition: 


a ~~ a 
a” nn 


fraction liquid. 


aap, 
ad 
II 


oO 
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initial solute concentration (per cent). 


C, = solute concentration in liquid when 


i fraction liquid remains (per cent). 


K = partition ratio, (k = &), where C,= 
L 


solute concentration in solid when 


‘ fraction liquid remains. 


or it can be written as a function of the temperature 
at the point in question: 


f-Egy" a 


M, = slope of liquidus (F/%, C/%). 
T,, = melting point of pure solvent (F, C). 


where: 


T =temperature when | , fraction liquid 


remains (F, C). 


For alloys (such as aluminum-tin) where solid solu- 
bility is negligible, equation (1) reduces to 


~ & 
fi=-& (3) 


Equation (3) is valid even for low solidification 
rates (solid diffusion cannot take place since solid 
solubility is negligible); also it is valid regardless of 
curvature of the liquidus lines. 
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Surface area measurements 


and theoretical and 
experimental relationship 


ABSTRACT 
Theoretical concepts of describing shapes, sharp cor- 
ners, edges and surfaces of foundry sands by numbers 
and ratios of surface area to volume are comprehen- 
sive but limited. The microscope still remains the only 
tool capable of assigning a relative shape. 


INTRODUCTION 


Shape factors for small particles were introduced by 
Fair and Hatch (1933),1 using the background ma- 
terial of Green (1927),2 Martin (1923)3 and the 
Corps of Engineers (1930),4 where surface area to 
volume ratios were factored by the use of statistical 
mean diameters, volumes and surface areas. 

Dallavalie and Goldman (1939)5 used this method 
based on Carman’s® equation measuring surface area 
from air permeability tests. Davies? used the above 
data and information and applied it to foundry sands. 
Hofmann® renewed Davies’? interest, simplified the 
permeability test and introduced factors to compute 
theoretical spherical surface areas from the sieve 
analysis. 

Theoretically, Davies attempted to use permeabil- 
ity as a means of determining actual surface area, 
and the sieve analysis to determine the theoretical sur- 
face area with the assumption that all the sand grains 
are spherical. The ratio of these two measurements he 
called angularity factor. 

The purpose of this paper is to show the limitation 
of the surface area to volume measures in describ- 
ing shapes, interpreting sharp corners, edges or sur- 
faces or designating numerically shapes as they de- 
part from the spherical. 

The conception of 

E= a (Formula 1-1). 
E = angularity. 
SW = actual surface area. 
Sth = theoretical surface area. 


G. J. VINGAS is Rsch. Engr. and A. H. ZRIMSEK is Fdy. Engr., 
Magnet Cove Barium Corp., Arlington Heights, Ill. 
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SAND ANGULARITY 
AND SHAPE FACTORS 


by G. J. Vingas and A. H. Zrimsek 


is also theoretically and experimentally invalid in 
comprehensibly describing angularity. 

The air permeability method is also discussed, with 
its limitations and abilities in measuring surface area 
as such and how it compares with other methods. 


THEORY 

There is a common misconception that when equal 
diameters are considered, the SA/V factor for the 
sphere is considered the lowest. This statement is 
wrong. Only when equal volumes are considered is 
the SA/V ratio the lowest for the sphere. 

When screening sands through a Tyler screen, the 
main controlling factor is D (D = diameter or the side 
of the square opening of the sieve). Any simple euclid- 
ean shape, whether spherical, cylindrical or pyramid- 
al, will pass through the screen if two of the smaller 
dimensions are equal or smaller than D. 

Table 1 shows eight euclidean regular geometri- 
cal shapes that will pass a screen opening of diameter 
D with formulas calculating their surface area and 
volumes in relation to D (D = screen size opening). 

Table I also computes the surface area/gram of 
sand, the number of particles/gram of sand for the 
simple euclidean shapes passing the 40 mesh and re- 
tained on the 50 mesh. (D = 0.356 mm, which is the 
size opening of an average of 40 and 50 mesh square 
screens used in the standard AFS method.)® 

Assuming that the permeability method will accur- 
ately measure the actual surface area of the aggre- 
gate (later in this paper a discussion is presented on 
this subject), a shape factor is computed for the cube 
by using Formula 1-1. The theoretical surface area 
of | gram of sand 63.7 cm? is divided by 63.7 cm2, 
which is the theoretical surface area of one gram of 
spherical sand retained on the same screen; an angu- 
larity factor of one is obtained. If any angularity fac- 
tor of 1.0 means that the material is spherical and 
that the number increases as the angularity increases, 
it is needless to say that numbers below 1.0 would 
not be possible as there is no shape which could be 
more spherical than the sphere. 





530 


TABLE 1— AREAS, VOLUMES AND THEIR RELATIONSHIP 
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TABLE 1 LEGENDS 


S — Surface area. 

D — Diameter of screen 0.354. 
A — Number of particles. 

P — Mass or weight of sand. 
5 — Specific gravity. 











Table 1 line 10 lists the angularity factors for a 
variety of shapes. These factors show the cube with a 
factor of 1.0 and the parallelopiped and the cylinder 
with a factor of 0.75. In the case of the ‘pyramids, 
when the height equals D, the angularity factor is 1.68 
for the square pyramid and 2.12 for the triangle. As 
the height increases to 4D, the square pyramid’s fac- 
tor drops to 1.14 and that of the triangle pyramid to 
1.65. The above proves the inability of this method 
to assign a shape factor. 

Obviously, then, the theoretical concept is falla- 
cious, as it cannot distinguish nor assign theoretically 
numbers to express shapes, angularity nor deviation 
from sphericity. 


SPECIFIC SURFACE AREA, VOLUME 
AND SHAPE 

The method of computing or assigning angularity 
numbers to sand, interpreting sharp corners, edges or 
surfaces, as stated by Davies and later Hofmann, is 
not accurate. As shown above, they cannot distin- 
guish cubes from spheres or cylinders. A further 
effort was made to evaluate specific surface area, spe- 
cific volume and specific shapes as a means of nu- 
merically describing shapes as they depart from the 
spherical. 


Specific Surface Area 

The specific surface area factor is the number of 
square centimeters/piece of sand. To determine this 
number, measuring the surface area/gram by the ai 
permeability method, and the rather tedious proce- 
dure of counting pieces/gram, is necessary. A simple 
calculation of the number of pieces/gram and the sur- 
face area measured assigns the specific surface area 
factor. Here too the main controlling factor is D 
(D = diameter or the edge parameter of the square 
opening of the sieve). Any simple shape with two of 
its smaller dimensions smaller than D will pass 
through the screen. 

Table 1 line 11 lists the specific surface area in 
square centimeters/piece in a number of euclidean 
shapes. Although this method distinguishes spheres 
from cubes, it cannot assign any comprehensive num- 
ber to other shapes. 


Specific Volume 

Specific volume (volume/piece) requires the same 
tedious procedure as the specific surface area, i.e., 
measuring surface area by the air permeability 
method and counting pieces/volume of sand. 

Table 1 line 12 lists the specific volumes in cubic 
centimeters/piece for a variety of shapes. This method 
shows the same shortcomings as the specific surface 
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Fig. 2 — Sodium chloride crystals, 50 mesh. Reflected 
illumination. 45 X. 


Fig. 3— Zircon sand, 100 mesh. Reflected illumina- 
tion. 45 X. 











area method, and cannot assign any comprehensive 
number describing shapes. 


Specific Shape or Sphericity 

The specific shape number consists of calculating 
the ratio of SA/V per piece of sand grain, finding the 
ratio of SA/V of a sphere of the same volume and 
reducing the ratio of the two volumes to a percent 
age. Of course, D (D = diameter or edge parameter of 
the square opening of the sieve) is the controlling 
factor. Table | line 16 shows the specific shape fac- 
tor expressed in percentage of sphericity. 

Supposedly, the lower the number the more the 
material departs from sphericity. Although the num- 
ber distinguishes spheres from cubes, cylinders and 
parallelopipeds, it confuses the shapes of the pyra- 
mids and cones. 


GENERAL DISCUSSION 


Provided the air permeability method is able to ac- 
curately and reproducibly measure surface area, an 
arbitrary number could be given to any sand com- 
paring SA/V per average piece or per volume of 
sand, but it could not describe shapes nor distin- 
guish sharp corners, edges or surfaces of sand grains. 
However, the surface area/grain of sand could be 
given as such. 

EXPERIMENTAL 

The theory above clearly indicates that the angular- 
ity factor cannot distinguish deviations from spher- 
icity. An experiment was designed to evaluate the 
angularity factor and the specific shape factor based 
on the indications and conclusions of the above the- 
ory, and to simultaneously evaluate the air permea- 
bility method for measuring surface area. 

The shapes shown in Table 1 were approximated 
by using the following materials of one screen size 
for simplification of calculation. 


1) Glass beads (Fig. 1)—spheres. 

2) Salt, NaCl, screened and sized (Figs. 2 and 2a) 
—cubes. 

3) Zircon sand, screened and sized (Figs. 3, 7 and 
7a)—cylinders. 

4) AFS standard sand, Texas river sand, Olivine sand 
screened and sized (Figs. 4, 5, 5a, 6 and 6a)— 
Irregular shapes with varying degrees of visual an- 
gularity. 


The samples were screened, washed with water, 
dried and rescreened. An air permeability test was 
conducted at different bed heights and different voids 
per cent, as shown in Figs. 8, 9 and 10, and the shape 
factor was calculated, as shown in Table 2. The glass 
beads were assigned a factor of 1.0, and the other ma- 
terials were compared with it. 

The experimental data agree closely to the theo- 
retical reasoning presented previously. By the use of 
the angularity factor, the cube showed a factor of 
0.98 and the zircon sand considerably less, 0.94 for 
the 100 mesh and 0.72 for the 200 mesh. 

Figures 3, 7 and 7a show that the amount of cy- 
lindrical shapes increase from approximately 25 per 
cent for the 100 mesh to about 75 per cent for the 
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Fig. 4— AFS standard sand, 50/70. Reflected illumi- 
nation. 45 X. 





Fig. 5 — Texas river sand, 50 mesh. Reflected illumi- Fig. 5a — Texas river sand, 70 mesh. Reflected illumi- 
nation. 45 X. nation. 45 X. 





Fig. 6 — Olivine sand, 50 mesh. Reflected illumination. 
45 X. tion. 45 X. 





Fig. 7 — Zircon sand, 140 mesh. Reflected illumination. Fig. 7a — Zircon sand, 200 mesh. Reflected illumina- 
45 X. tion. 45 X. 
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Glass Beads 50 mesh 
Glass Beads 72 mesh 


Glass Beads 100 mesh 


80 100 


IN SECONDS 


Fig. 8 — Influence of bed height and voids per cent on permea- 
bility (time in sec) of glass beads, 50, 72 and 10 mesh size. 


200 mesh, which again agrees with the theoretical 
figures that the cylinders show a factor of 0.75 (Ta- 
ble 1, line 10). Furthermore, this phenomenon was 
also noticed by Davies (Fig. 11). As the sand size 
fractions get finer by sieving the angularity factor 
changes. 

Referring to Figs. 1 through 8, it is obvious by vis- 
ual determination that the standard sand is consid- 


TABLE 2—ANGULARITY FACTORS 





MATERIAL SIEVE FACTOR 





Glass Beads 1.0 
1.0 
1.0 
1.0 
1.0 


0.98 
0.98 
0.98 


Zircon 0.94 
0.83 
0.72 


Texas Sand 1.18 
1.18 
1.18 


Olivine 1.39 
1.53 


Standard 50/70 1.09 





erably more angular than the glass beads, but less 
angular than the observed microscopic angularity of 
olivine sand. This observed microscopic angularity is 
not reflected in the angularity factors. Also, reference 
is made to Rowell’s1® statement that subangular, vis- 
ually described sands show a lower angularity num- 
ber than an angular sand. 


Specific Shape Factor 

From the standpoint of experimentally testing the 
results of the theoretical reasoning on specific shape 
factors presented, the glass beads, the standard sand 
and the salt crystals were counted, and a specific shape 
(per cent sphericity) was calculated. 

The glass beads were assigned a number of 100, 
and the salt showed 79 per cent sphericity and the 
standard sand 75 per cent sphericity, which agrees with 
the theoretical figure (Table 2, line 13) of 79 per 
cent for the cubes. 

There is no question in the minds of the writers 
that the salt is definitely more angular than the stand- 
ard sand, as shown in Figs. 2 and 2a. 


Surface Area Measurements 

The ability of the air permeability method as a 
measure of surface area has been considered, as well 
as its relation to other methods such as the micro- 























scopic, nitrogen absorption!! and solubility in hydro- 
fluoric acid. 

Figures 8, 9 and 10, plotting time in seconds vs. 
bed height, show a reasonably good correlation for 
all material, although the line is lightly curved in 
the coarse materials as the bed height increases. 

Figure 12, plotting the log of \/time vs. standard 
screen, shows parallel lines for the glass beads and 
salt where the shape remains constant as the fineness 
decreases. For the zircon, the slope of the line changes 
with fineness. This is a reflection of the observation 
made earlier that the percentage of cylindrical shapes 
increases with increasing fineness for zircon. Some 
obvious experimental errors are evident on the graph, 
especially at the higher porosities, attributed by the 
writers as a reflection of ununiform packing. 

Figures 13 and 14, plotting log of \/time vs. po- 
rosity, show the effects of porosity on permeability 
measures. 

In order to use permeability as a determination of 
surface area, an air permeability test should be made 
at varying porosities and varying bed heights. After 
plotting, as shown in Figs. 8, 9, 10, 12, 13 and 14, 
corrections can then be made against the standard 
glass beads or salt (NaCl) crystals that will define 
the slope of the curves. 
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Many other methods are used, and are described 
by Cadle12 and compared in Table 3. In still an- 
other method developed by Cross and Zimmerley,14 
where hydrofluoric acid 3.66 normal is used to dis- 
solve the sand in time, and from there extrapolating 
to the zero time ordinate, the initial rate (IR) or 
the index of surface is obtained. Table 4 lists an Ot- 
tawa silica sand by mesh size. Note that as the sand 
gets finer the ratio is increasing, which is contrary to 
the air permeability method, as shown in Fig. 11. 


CONCLUSIONS 


Angularity factors based on SW and Sth cannot be 
used to describe shape of sands. This method cannot 
theoretically nor experimentally distinguish between 


TABLE 3 





Molybdenum powder surface area as measured per gram by 
different methods 








Median Air 
Diameter Micro- Nitrogen Permea- 
Microns scope Adsorption bility 
EPR Eee eee) Pere 470 4010 1810 
Me sc cchinetence sate cx ce 3120 1510 
rn pe 400 3110 1160 
BE kos bis band ao es acne 220 3330 1040 
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Zircon 100 mesh 


Glass beads 100 mesh 
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Fig. 9 — Influence of bed heights and voids per cent on permeability 


(time in sec) of 100 mesh salt, 100 mesh zircon and 100 mesh glass beads. 
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Fig. 10—JInfluence of bed height and voids per cent on 
permeability (time in sec) of 200 and 270 mesh glass beads. 
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Fig. 11— Angularity as affected by the 
change in screen size. 
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Fig. 12 — Log of time vs. unconsolidated 
sand retained on standard U.S. screens. 
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simple geometric shapes and, therefore, should not 
be expected to distinguish the more complex shapes 
encountered in foundry sands. 

Specific factors or specific shape numbers cannot 
give a comprehensive figure describing shape of sands. 
They are of value when computing energy exerted for 


TABLE 4— OTTAWA SILICA SAND SIEVE SIZE DATA 











Rate 
Theoretical Measured of 

Avg. _ surface/g. of sur- measured 

size of quartz Initial face/g., to theo- 

Particle, _ spheres, Rate, sq cm,A retical 

Mesh mm sq cm LR. I.R. X 170 surface 
20/38 0.711 31.8 0.255 43.4 1.37 
28/35 0.503 45.0 0.358 60.9 1.35 
35/48 0.356 63.5 0.497 84.5 1.33 
48/65 0.252 90.0 0.732 124.4 1.38 
65/100 0.178 127.0 1.020 173.4 1.37 
100/150 0.126 180.0 1.386 235.6 1.31 
150/200 0.089 254.0 1.923 326.9 1.29 


ACalibration Factor. 








Fig. 14— Effect of porosity on permeability (time) of 
various sizes of glass beads. 


new surfaces produced in grinding or crushing oper- 
ations. 

Air permeability method gives a relative value 
which is controlled by bed height and porosity per 
cent. Care should be taken to accurately check por- 
osity per cent and bed heights as they greatly over- 
shadow surface area measurements. 

The microscope still remains the only means to 
check angularity. 

Recommendations are made to AFS Committee 8-V 
to pictorially check angularity by ten photographs 
the same way that grain size is depicted for steel or 
graphite shape for gray iron. 

It is the authors’ opinion that surface area is most 
easily measured by the air permeability method. 
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SHAW PROCESS PATTERNS 
PRINCIPLES AND PRODUCTION 


ABSTRACT 
The subject is covered in two parts. The first part 
covers the Shaw Process history, molding procedure 
and some of the various fields of application in this 
country. The second part is an evaluation of the process 
and the application of Shaw Process castings to the 
patternmaking industry. 


HISTORY 


Many of the newer molding processes in use in 
this country are the result of our industry applying 
work done originally in Europe. This is true of lost 
wax, the Croning process (shell molding), chamotte 
molding, cement molding and the CO, process. The 
Shaw process was originated in England in 1938. At 
that time two British scientists, Clifford and Noel 
Shaw, were working on exploiting the condensation 
products of ethyl silicate beyond its original use as 
a preservative for decaying stone work. 

In conjunction with two companies, the Shaw 
brothers commenced the use of ethyl silicate as a 
binder material for refractory molds. This high tem- 
perature binder eventually became the basis for all 
the modern day lost wax technology both here 
and in Europe. Acting as technical advisors to the 
Ministry of Supply on the production of tubine 
blades, the brothers were involved in the early days 
of modern precision casting in England. 

Being aware of the limitation of the precision 
methods, the Shaw brothers worked for more than 
a decade on the development of their new process 
which would overcome these limitations. In 1951 they 
commenced licensing the Shaw process in England 
and on the Continent, and in 1955 Shaw Process 
Development Corp., a Division of British Industries 
Corp., was established in Port Washington, N.Y., and 
licensing commenced in the United States. Today 
over one hundred licenses involving major found- 
ries, precision casters and tool shops throughout the 
world, are successfully using this technique. 


PROCESS PRINCIPLES 


The Shaw process is a method of mold making and 
precision investment casting without the use of ex- 
pendable patterns, and with no presently known size 
restriction. It is unique among casting techniques be- 
cause of the principle of fine micro crazing developed 


|. LUBALIN is Gen. Mgr., Shaw Process Development Corp., 
Port Washington, N.Y., and R. J. CHRISTENSEN is Gen. Mgr. 
Wisconsin Pattern Works, Cast Masters, Inc., Racine, Wis. 
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in the mold. Characteristic also are the resistance 
of the refractory mold to thermal shock, making 
possible castings of high accuracy, smooth surface 
finish and exceptional dimensional stability. 

This resistance to thermal shock enables large 
masses of molten metal to be poured into cold molds 
without any spalling, washing or cracking due to 
thermal effect. Extreme accuracy of both mold and 
casting are obtained from a smooth accurate pattern. 
Furthermore, since permanent patterns are used, the 
process is not subject to the shrinkage and distortion 
problems which occur in lost wax and other invest- 
ment casting processes patterns prior to investment. 


Mold Structure 

The basis for the process is the unique structure 
of the ceramic mold, which depends upon a care- 
fully controlled gelling process initiated by the addi- 
tion of a gelling reagent to a liquid binder. This 
binder is comprised of a colloidal suspension of 
silica in alcohol which has been produced by a con- 
trolled hydrolysis. 

Finely powdered refractory materials are then 
added to the liquid binder to form a creamy mobile 
slurry which is poured over the pattern. As gelling 
progresses, the slurry solidifies and passes into a 
tough rubber-like phase. Subsequent stripping in the 
hard rubber phase and ignition produces the phe- 
nomena of micro-crazing, which is the heart of the 
mold production. 


Microcrazing 

The mold consists of a silica gel in which is sus- 
pended various sized small elements of refractory 
materials. If a normal cube of silica gel and alcohol 
is exposed to air, alcohol is lost rapidly, When 
matter is lost, such as by evaporation from a cube, it 
adjusts its size in three ways: 


1) It shrinks — as in a sintering operation. 
2) It cracks grossly such as water and clay. 
3) It cracks by fracture in a gel. 


In the case of the mold in this process, the issue 
is forced by greatly accelerating the rate of evapora- 
tion by igniting the gel over the entire face of the 
mold. This results in an exceedingly fine craze crack- 
ing looking somewhat like wire netting (Fig. 1). 
Opening of these minute cracks permits the alcohol 
underneath the surface to come out, and this pro- 
cedure continues from the outside in until the 





entire block is completely craze-cracked. Therefore, 
there are no internal stresses, and matter has been 
lost without shrinkage or gross cracks but with an 
enormous number of little cracks. 

This results in an infinitely ragged mass of re- 
fractory particles bonded with pure silica, so ragged 
and close together that the particles are mechanically 
interlocked giving the mass a strength of its own. The 
appearance is similar to a three-dimensional jigsaw 
puzzle comprised of a multitude of interlocking seg- 
ments. In this way a mold structure is produced, 
which gives these minute fragments the ability to 
expand and contract without disturbing the adjoin- 
ing particle. 

This results in the following mold characteristics: 


Stripability. By stripping during the last phases 
of the rubbery gel the mold has a slight flexibility, 
and will deform and spring back to the pattern 
shape permitting intricate detail and straight walls 
to be withdrawn without defect. 

Resistance to Thermal Shock. Since the individual 
particles of the mold are free to expand into the 
craze-cracked fissures when subjected to the high tem- 
perature shock of molten steel, no thermal cracking 
of the ceramic mold occurs. Unlike the other methods 
of making small precision castings, these molds can 
readily be poured cold for this reason. Thus, a series 
of molds can be gathered over a period of time 
awaiting the accumulation of a full heat. 

Dimensional Stability. The molds remain the same 
size as the pattern throughout their manufacture. 
Because of the ability of the particles to expand due 
to the microcrazing, when cast into the molds do not 
dilate. They are therefore the same size hot or cold, 
and the coefficient of expansion of the mold is vir- 


Fig. 1— Craze cracking which permits alcohol under- 
neath the surface to come out, which continues from the 
outside in until the entire block of silica gel is craze- 
cracked. 


tually nil. Therefore, the only variant to consider in 
obtaining accurate dimensions is the contraction of 
the metal which is dependent on the alloy, its tem- 
perature and the configuration of the piece. Once 
these variables are tied down, reproducibility in tol- 
erance is exceptional. In a batch of 40 castings, one 
414-in. dimension was reproduced within + 0.004 in. 

Collapsibility and Resistance to Tears. Because the 
molds are already cracked, they give readily during 
solidification shrinkage and are therefore easy to 
shake out. Cores also have slight resiliancy enabling 
them to resist tearing even under arduous condi- 
tions.. Moreover one of the major causes of hot tear- 
ing is mold dilation or growth in the early stages 
of solidification which does not occur in these molds. 
Many complex jobs have been cast using this process 
because of the ability to resist cracking and tearing. 

Permeability and Inertness. These two factors are 
tied together. Because of the ability of the highly 
refractory molds to withstand chemical reaction and 
burn in, there is no mold gas formed at the interface. 
Therefore, the progressive craze cracking is sufficient 
to act in almost all cases as vents for the gases in the 
metal. 

No Wash or Spalling. This eliminates inclusions. 
The ability of the ceramic mold to withstand the 
eroding action of the metal stream, as well as its 
immunity to thermal shock, means that these molds 
will not wash or spall, thus eliminating the non- 
metallic inclusions which generally arise from this 
source in sand, shell and investment castings. As 
compared to the ceramic molds used in lost wax, the 
absence of thin flaky dip coats eliminates the spalling 
problem generally associated with this type of mold. 

Insulation. Insulation provides superior feeding 
characteristics, sounder and stronger castings and 
better detail. This micro-crazing leaves air gaps be- 
tween the refractory components resulting in an in- 
sulating effect. At the same time the use of cold 
molds promotes a fine grain structure on the sur- 
face, while the internal heavy areas can be fed for a 
considerably longer time than usual. By using re- 
fractory materials of much more insulating character- 
istics in the risering system, directional solidification 
and excellent progressive feeding can be accom- 
plished. This extreme soundness, along with the elim- 
ination of gas and inclusions, results in cast struc- 
tures having extremely high physicals. 

Mold Strength. Mold strength of these ceramic 
molds is such that all except the large castings can 




















be cast without the necessity of using flasks, and 
most cores can be produced (solid or hollow) with- 
out rodding. 


PART 1— PROCESS SEQUENCE 


Slurry Mixing. The mold material is prepared in the form 
of a slurry by mixing a suitable graded refractory filler with a 
colloidal suspension of silica in alcohol to which a reagent has 
been added to produce a carefully controlled gelling reaction. 
The liquid portion of the slurry is produced by controlled 
hydrolysis of ethyl silicate. The reaction converting this slurry 
to a tough rubbery type gel can be represented by the equation 
Ethyl Silicate plus Water equals Silicic Acid Gel plus Alcohol. 
Figure 2 shows a refractory material, in this case sillimanite, 
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is mixed together with a binder comprised mainly of ethy! sili- 
cate and a gelling agent which controls the gel time. 

Slurry Pouring. The slurry is poured over a suitable pattern 
contained in a leak-proof molding box. The pattern must have 
a smooth surface to enable the mold to be stripped after 
gellation has occurred. Subject to this provision any pattern 
suitable for sand or plaster molding may be used, provided 
also that the surface is impervious to alcohol. The process is 
capable of using much more complex patterns than sand or 
plaster molding, with little or no draft. Figure 3 shows the 
slurry being poured over a master pattern set in a plaster block 
odd side and is permitted to gel. 





Mold Stripping. For small molds a gel time of about one 
min is convenient while for larger molds requiring longer mix- 
ing time, a gel time of about five minutes would be more 
suitable. As the gelling process progresses the mold slurry 
solidifies passing through the tough, rubber-like phase already 
mentioned. The mold is stripped from the pattern while in 
the rubbery condition making possible the use of patterns 
with no draft and in some cases with a slight undercut. 


In Fig. 4 the mold has gelled and is stripped 
off the master pattern. The mold goes through 
a rubbery stage during gellation and should be 
permitted to attain the consistency of hard 
rubber prior to stripping to eliminate distor- 
tion. 








542 


Mold Firing. Reference to the above equation of the gelling 
process shows that a product of the reaction is alcohol and this 
together with the alcohol already in the binder medium pro- 
duces a mold piece in the rubber-like condition which can be 
rapidly fired by igniting the alcohol. 

Figure 5 shows the removal of alcohol by firing. The stripped 
mold has been set afire. This rapidly removes the alcohol, part 
of which is added in the manufacture of the binder, and part 
resultant from the hydrolysis of the ethyl silicate. 


The volume change in the gel arising from the removal of 
the alcohol is accommodated by the system of cracks produc- 
ing a mold cavity of exactly the same dimension as the pattern. 
To ensure this dimension stability the mold piece must be 
fired immediately on removal from the pattern. 

The rapid removal of alcohol by firing gives rise to a mold 
surface which is covered in a fine system of micro craze 
cracking. This crazing is progressive, the surface system of 
cracks provides an outlet for the alcohol beneath the surface. 
This liberation sets up further cracking, thereby releasing 
more alcohol, until the center mass is dry. It is important to 
ensure that the alcohol liberated at all faces of the mold 
piece is ignited. 

The system of surface cracks is so fine however that no 
metal penetration occurs on pouring the mold, the smoothness 
of the casting surface being unimpaired. Should the surface 
crazing become too coarse, metal penetration may occur with 
consequent roughness on the casting surface. To ensure the 
desired fineness of surface crazing close adherence to the 
specified filler grading and binder medium composition is 
essential. 

Mold Baking. When all traces of free alcohol have been 
removed in the firing operation, the mold piece is transferred 
to a baking oven and heated up to a temperature of 1800- 
2000 F, in order to complete the dehydration of the gel. The 
rate of heating is unimportant, due to the unique thermal 
characteristics of the mold material. Sufficient time must be 
allowed at temperature for complete removal of the combined 
alcohol and water. A useful guide is one hr/in. of cross-sec- 
tional thickness. 

The atmosphere of the oven should be slightly oxidizing. A 
strongly oxidizing atmosphere, or a reducing atmosphere may 
cause trouble. It is essential that the floor of the oven is flat, 
as all refractories soften at high temperatures and the mold 
piece will take the shape of an uneven hearth. The mold piece 
may be cooled in the oven, or removed and cooled in still air. 
Figure 6 shows the mold in the furnace to be baked at 1800- 
2000 F to remove all traces of combined alcohol and water. 


Mold Assembly. After baking, the mold sections should be 
carefully inspected before assembly. The assembled mold com- 
ponents as well as cores suitably clamped can now be cemented 
together. A variety of these luting techniques are used. With 


large molds, in which the pressure of the liquid metal during 
pouring is high, dependence should not be placed entirely on 
the external luting of the mold pieces to prevent molds burst- 
ing at the joint. Such molds should be clamped or when the 
mold joint is horizontal, suitable weights may be applied to the 
top part, to counteract liquid metal pressure. Large molds 
should be contained in flasks. 

Figure 7 shows the final mold completely dimensionally 
stable, resistant to thermal shock and ready to receive the 


charge of metal. When the design of the casting requires a hot 
mold so that, say fine detail may be reproduced, the cold mold 
can be placed directly into a hot mold heating oven and 
rapidly heated without any risk of mold damage by crack- 
ing or spalling of the surfaces. This heating of the mold has 
no significant effect on the dimensions of the mold cavity. 
All that happens during heating is that the fine cracks close 
up a little. 

Casting. In many instances the mold may be poured as in 
normal sand casting practice. However, when small steel cast- 
ings are being made it can be advantageous to use the tech- 
nique developed for the lost wax process, in which the mold 
is clamped on the top of a small indirect arc or high frequency 
furnace, which contains an accurately weighed molten charge 
of the alloy to be cast, the furnace assembly being inverted 
the molten alloy flows from the furnace to the mold. Figure 
8 shows a mold cast on a small indirect arc furnace. 

As previously stated, the molds can be cast at room 
temperature, or if the alloy or shape of part warrants it, the 
mold may be heated to temperatures up to 2000 F. As already 
pointed out, due to the resistance of the mold to thermal 
shock, slow preheating of the mold is unnecessary, the mold 





Fig. 10 — Automotive 


supercharger turbine wheels. 
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being charged directly into the hot furnace. The ability of the 
mold to be so heat treated quickly, speeds up the process 
considerably. 

A further advantage of the crazed mold structure is that it 
is permeable, and a mold so produced requires no artificial 
venting. It will be evident that the final binding of the fired 
mold is purely mechanical. To obtain this interlocking, the 
grading of the filler must be controlled within the specified 
range and what is equally important the shape of the particles 
must be rough and angular. 

Water washed or air blown sands are quite unsuitable since 
the roundness of these grains does not give interlocking, 
accordingly molds made with such fillers are weak after firing. 
The desired grain shape is usually obtained by crushing 
coarser material. 

Finishing Operations. When the mold is cold, the refractory 
is broken away and the cast assembly blasted with 180 grit 
alumina. When intricate cored passages are in the castings 
and the alloy allows it, the refractory can be readily removed 
by treatment for a short while in a bath of molten caustic 
soda. 


Figure 9 shows castings in the “as cast” 
condition. Note fidelity of detail and sharp 
corners. 


Finished Casting. The gates are cut off by 
conventional methods depending on the alloy 
of the casting, and the gate area finished by 
grinding. 


There are two major fields of application for this 
process: The first one is in the production of precision 
castings of the highest quality for the aircraft, missile, 
pump, chemical and food industry and the general 
foundry field where extremely accurate, smooth sur- 
faced, large precision castings are required (Figs. 


Fig. 11— Top left — golf club head; top right — boat 
propeller; bottom left — boat cleat; bottom right — 
forceps. 





Fig. 12 — Double shrouded pump impeller in stainless 
steel. 


Fig. 14— Forging dies — cast by Shaw process in hot 
work tool steel (H-12). 


Fig. 13 — Reheat stabilizer body with 0.040 in. wall 
thickness. 


The second field is the production of tools, dies 
and patterns, which would normally be completely 
machined. These fall into the following categories: 
foundry patterns and core boxes, die casting and 
permanent mold dies, drop forging and press forg- 


ing dies, extrusion dies, plastic injection and com- 
pression molds, rubber molds, glass molds, stamping 
and forming dies, hobs, and a wide variety of mis- 
cellaneous tools, dies and cutters (Figs. 14-21). 


Fig. 15 — Rubber mold cast in air hardening tool steel. 








Fig. 16 — Die casting die inserts for automotive horn 
cast in hot work tool steel (H-13). 


Fig. 17 (left) — Plastic mold insert for 
shoe heel in oil hardening tool steel (01). 


Fig. 18 (right) — Extrusion die in high 
speed steel Shaw casting. 


Fig. 19 — Stainless steel mold for television 
glass tube. Back face and core are of sand. 








Fig. 20 — Stamping die for automotive panel, die cast 
in high carbon steel. 


PART 2— PRODUCING PATTERNS 
UTILIZING SHAW CASTINGS 

This section will be confined to the reason the 
author’s company selected the Shaw process, the ap- 
plication of the process to work and the results of 
the work with the process. 

Throughout the years the pattern industry has 
made many contributions to maintaining the most 
economical tooling cost for the foundry industry. To- 
day this is a formidable task in the face of increasing 
labor costs and the more involved pattern require- 
ments of the foundry brought about by increased 
mechanization and every changing new production 
processes, such as shell molding. As new processes 
and techniques are available, the patternmaker has 
tried them, and if they have been applicable and 
economically sound they have taken their place as 
tools of the industry. 

Today, one finds in everyday use in the pattern 
shop plaster materials of many types, including ex- 
panding and metal casting plasters, plastics from 
adhesives and cohesive materials to epoxy laminates 
and epoxy castables; machine tools such as mills, 
duplicators, die millers and, in some cases, jig borers 
and electrical discharge machines. The pattern shops 
also are using oil soluble bentonites, CO, cores, plaster 
or pressure casting and electro forming. The pattern 













Fig. 21— Foundry patterns cast in iron. 


industry has made its contribution to the state of our. 
present day modern foundry industry. 

In order to counteract the increasing cost of found- 
ry tooling, experimentation with and the use of many 
of the materials and methods described above has 
been followed. It was this desire that prompted the 
evaluation of the Shaw process as one of several 
methods of casting more accurately, which it was 
felt would lead to the use of more cast to size 
areas of pattern castings. The problem of cost saving 
was made more important at this time by the wider 
use of permanent molds and shell core boxes. Both of 
these processes have required sounder castings of iron 
and more expensive tooling. 


PRINCIPAL CHARACTERISTICS 


The Shaw process was selected because of many 
advantages, as presented in part | of this paper. 
The principal characteristics from the author’s com- 
pany’s point of view are: 


Surface Finish. Exceptional surface finishes are pos- 
sible with the process. Wood grain, center lines and 
any intricate details are readily reproducible. 

Dense Metal Structure. Accompanied by good 
foundry practice the absence of gas producing ele- 
ments, the natural venting and the insulating prop- 
erties of a Shaw mold make dense metal possible. This 
is most advantageous in permanent molds and shell 
mold core boxes and patterns. In the case of alu- 
minum, where a casting may be adequately risered 
the casting can be made free of the porosity encoun- 
tered in pressure casting. 

Regarding this point, the design of some castings, 
such as match plate castings, makes them impossible 
to adequately feed without scarring with risers. As a 
consequence, the pressure casting process is used. In 
this process the metal is injected into the mold at 
relatively low temperatures and the porosity found 
in this type of casting is an essential part of dimen- 
sional control and surface finish. To the company’s 
knowledge, there is no better method of making cast- 
ings of this kind. In aluminum, the configuration and 














































design of some castings make them difficult to cast by 
any other method than pressure casting. 

Dimensional Control. This factor is probably better 
than any other process, because of the stability of the 
mold, the collapsibility, and other factors. The prin- 
cipal problem in any process, including lost wax, 
permanent mold and even die casting, is predicting 
the shrinkage. Predicting shrinkage is an art, and 
practice in the art of casting to zero tolerance is 
relatively new. This is the area where experience only 
will give results. 

Presently, the company’s tolerances range from + 
0.005 on 0 to 3 in., + 0.015 on 3 to 8 in., + 0.030 on 
8 to 15 in. and + 0.045 above this. 

These tolerances sound wide open. However, it has 
been found that whereas duplicating machines are 
sold to hold + 0.002 in., the workable tolerances 
are more in the range of + 0.005 in. from model 
to finished part. In addition, most models are built 
using conventional wood patternmaking methods 
and, whereas it is possible to hold better than + 
0.015 in. tolerances, it is not generally good practice 
to depend on it. Most pattern shops have the practice 
of assuming that duplicating is adequate on irregular 
surfaces and consequently these areas are seldom 
checked. 

Dimensional tolerances are approximately the 
same as possible in pressure casting. 

Absence of Case Hardness in Iron. A useful and 
still seldom discussed advantage of a Shaw casting in 
iron is the almost total absence of surface hardness 
in the casting. The insulating properties in the mold 
are such that soft metal is encountered just below the 
surface. This makes nominal finish allowances pos- 
sible. 

Pattern Coating. Requirements of the Shaw process 
are different than’ other methods. A principal in- 
gredient of the investment slurry is alcohol. There- 
fore, special coatings are required. The author's com- 
pany has a coating system that works well at the 
present time, and continued work will give still better 
coatings in the future. 


The Shaw Foundry 


The prime consideration in the selection of equip- 
ment for the type of foundry necessary to produce 
pattern castings was flexibility. Generally, whereas 
there is no size limitation to a Shaw casting, the 
process had been confined to relative small castings. 
The Company's desire to produce large, as well as 
small castings, made it desirable to design and build 
a bake out furnace of the hearth type that will accom- 
modate a mold 36 x 48 x 72 in. The mold making fa- 
cilities are of the jobbing foundry type. Large as 
well as small molds can be made. 

Metal melting also required versatility. As a con- 
sequence, high frequency induction is the most logical 
method. This enables the pouring of small as well 
as large heats of any metal. Induction melting also 
makes it possible to control analysis as well as tem- 
perature. Both are necessary to hold dimension. The 
furnaces used are one 30 lb, one 100 lb, one 300 Ib 


and one 600 Ib. 
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The cleaning facilities are much the same as found 
in any small jobbing foundry, with the exception 
that many gates and risers are sawed off. 


Where to Apply the Process 
The decision to apply the Shaw process should 

be made in each case on the basis of its merits as 

compared to many other methods such as duplicating, 
die milling, hobbing and others. The element of 
cost should include the consideration that by using the 
process a large part of the initial cost is not repetitive 
if more than one set of equipment is required. The 
evaluation of the method used in building a tool 
should be done on the basis of 1) dimensional toler- 
ance requirements, 2) delivery advantages and 

3) cost. 

Pictured in Figs. 22-28 is equipment built using 
the Shaw process. They are presented in sequence 
of the most advantageous application to the more 
complex. The first utilizes, principally because of their 
dimensional requirements, the least machining and 
the greatest as-cast surfaces; the last, the most machin- 
ing and the least as-cast surfaces. All of the applica- 
tions pictured are acceptable tools for their use. 

The ideal applications of the process are those 
such as Figs. 22, 23 and 24. On these, almost the 
entire configuration of the cavities was benched with- 
out machining. Machining was used only on the 
flat surfaces. In the case of the shell core box for 
the ports (Fig. 22), the parting of the box was ex- 
tremely irregular. On this application the parting was 
cast to size and blued together. 

Figure 27 is a permanent mold where the prob- 
ability of many molds being required indicated that 
the use of the process was wise. On applications 
such as this, the procedure is: 

1) A wood model of the cavity is made allowing for 
the two shrinkages; permanent mold shrinkage 
and Shaw process casting shrinkage. 

2) An epoxy pattern is made by laminating over the 
model. 

3) Sheet wax is added to areas requiring machining. 

4) Shaw process casting is made. 

5) The mold, core box or pattern is machined where 

necessary and finished by benching where pos- 

sible. 


yr 


There are many applications for permanent mold 
castings where reasonably open tolerances and _ per- 
missible. In these cases, existing single shrink patterns 
can be used as models, and the Shaw casting of molds 
is a most economical method. 

Figures 25, 26 and 28 picture complete pattern 
equipment where all but the plates and driers were 
cast in the Shaw process. In cases such as these, it 
has been the company’s practice to make the larger 
pieces in two parts. The parts are splined and bolted 
together. This is done to minimize any inaccuracies 
encountered in the castings. On applications of this 
type, the pattern castings are laid out so that the 
cast surfaces of the irregular configuration can be 
used without machining. Machining is done to bring 
these areas into the proper position. 

In the case of Figs. 27 and 28, the core boxes 














Fig. 23 — Shell core box for port cores. 
Core boxes are used on heated platen 
shell machine. Boxes are of solid and 
Shaw process cast iron. Machining was 
confined to the back and sides. The 
cavity and parting were hand finished. 
(Courtesy International Harvester Co.) 


Fig. 22 — Shell core boxes for bolt cores. Core 
boxes are used on the heated platen type shell 
core machine. Boxes are solid and Shaw 
process cast iron. Machining was configed to 
partings and back of box. 

(Courtesy International Harvester Co.) 






Fig. 24 — Permanent mold halves. 
Molds are mounting in an operating 
mechanism. These molds are solid heat 
resistant alloy cast iron made by Shaw 
Process. Machining was confined to the 
flat faces and the round core pull slide. 
(Courtesy Aluminum Casting and 
Engineering Co., Milwaukee) 
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Figs. 25 and 26 — Complete shell mold pattern 
equipment. Patterns, core boxes and mandrels 
are of cast iron made using Shaw process. Core 
box covers, ejector plates and pins of steel. 
Machining was done on all flat surfaces. 

















Fig. 28 — Complete sand pattern equipment. 
Patterns are of cast iron inserted in iron plates. 
Core boxes are of aluminum. Patterns and core 
boxes were cast in Shaw process. Machining 
was used on all flat surfaces. 

(Courtesy International Harvester Co.) 


were of the blown shell type. Core boxes of this kind 
require that a solid mandrel be built to lighten out the 
shell core. Mandrels of this type are excellent appli- 
cation because Shaw patterns for the mandrels can 
be made of plaster. The plaster patterns are easily 
made by pouring into the master pattern for the 
core box after the shell thickness has been lagged 
into the master. 

Methods, such as described above, are being ex- 
perimented with in fields other than the foundry. 
The author’s company has furnished castings for 
forming dies, compression molds, injection molds, die 
casting dies and cores, and several large companies 
are evaluating the process for forging dies. In addi- 
tion, these methods can be applied to glass molds, 
coining dies, straightening dies, and many other tool- 
ing applications. The wider use of castings for tooling 
in fields other than foundries are markets for the 
patternmaker and foundryman. 

The Shaw process has given the author’s com- 
pany what is believed to be the best casting attain- 
able by any method. The process, however, covers 
the mold structure only. The other elements of mak- 












Fig. 27 — Permanent mold halves for aluminum mani- 
fold. Molds are made by Shaw process in cast iron and 
are approximately 16x 31x2%-in. thick. The mold 
inserts are H-13 castings. Machining was done in the 
area of core prints, some sections of the pipes and the 
flat faces. 










(Courtesy Chrysler Corp.) 






ing a casting—the gating, metallurgy and patternmak- 
ing—must all be done correctly to assure a successful 
casting. It is believed the increased use of precision 
casting has a tremendous future for the pattern- 
making and casting industry as a whole. 

It behooves the industry, therefore, to refrain from 
jeopardizing that future by misapplying castings 
where other methods are more suited. 


CONCLUSION 


Precision casting is the most promising new method 
on the horizon today for the building of tools for the 
foundry as well as many other industries. Presently 
there are many applications for precision castings in 
the tooling field where reasonably open tolerances 
can be sold with substantial savings in tooling cost. 
In addition, some savings are presently attainable on 
patterns requiring close tolerances by machining to 
varying degrees. Through improvement in the tech- 
niques of precision casting, more durable and economi- 
cal tooling will be available to industry and many new 
uses for castings will be opened as markets for the 
foundry industry as a whole. 





















ABSTRACT 


General quality improvements are made in high 
strength steel castings by the application of vacuum 
induction melting techniques. Theoretical considera- 
tions of crucible-melt reactions, deoxidation, desulfuri- 
zation, degassification, dissociation and volatilization 
are applied to the conduct of vacuum heats. Appre- 
ciable reduction in residual gas content and size and 
frequency of nonmetallic inclusions is obtained. This 
reduction results in increased ductility and toughness, 
especially at the ultra high strength levels, over steel 
castings produced by conventional air melting methods. 


INTRODUCTION 


Production of superior quality utra high strength 
steels in vacuum requires that the metallurgist 
understand the thermodynamics and kinetics involved 
in steelmaking reactions, and the effect of reduced 
pressure on these reactions. Accordingly, let us ex- 
amine the advantages of vacuum induction melting, 
first in a general way and then specifically in regard 
to the important chemical reactions controlling steel 
quality. 

Vacuum processing of steel results in a reduction 
of residual gas content and improved cleanliness, for 
the only possible contaminating reaction is from the 
crucible. Lowering of gas content is derived from the 
inductive stirring mechanism which continually ex- 
poses new surfaces of molten metal to vacuum, and 
thus facilitates mass transfer of gaseous elements in 
solution to their gaseous states by desorption. 

Oxygen is reduced to extremely low levels by the 
carbon boil, at which time atomic hydrogen and 
nitrogen diffuse into the carbon monoxide bubbles, 
thereby causing further reduction of these deleterious 
gases. Thus, reactions involving the precipitation of 
oxides and nitrides from the melt are not favored, 
since the gas content is extremely low. 

Other improvements that can be derived from 
utilizing vacuum technology in steelmaking are as 
follows. Vacuum prohibits formation of slag over the 
melt; therefore, slag-type mechanical inclusions are 
completely absent from the castings. Composition can 
be closely controlled by minimizing losses of reactive 
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VACUUM INDUCTION MELTING 


HIGH STRENGTH STEELS 


by P. S. Schaffer, P. J. Ahearn and M. C. Flemings 


elements due to oxidation and control of high vapor 
pressure alloying elements. Greater uniformity in 
mechanical properties should be obtained due to 
less absolute segregation of gaseous elements in solid 
solution. Detrimental volatile impurities can be re- 
moved by distillation. 

The combined effect of lower residual gas content, 
reduction in size and frequency of nonmetallic and 
mechanical inclusions, close composition control, less 
absolute gaseous segregation and removal of detri- 
mental volatile impurities should result in superior 
mechanical properties, especially at high strength 
levels where slight imperfections create severe stress 
concentration effects. 

The following is a detailed account of the theoret- 
ical aspects, experimental procedures and results ob- 
tained by vacuum and controlled atmosphere melting, 
refining and casting of high strength steels to yield 
low residual gas content and improved cleanliness. 


VACUUM MELTING THEORETICAL 
CONSIDERATIONS! 


Crucible-Melt Reactions Thermodynamics: >: +4 


The selection of an optimum crucible material 
for vacuum induction melting of steel is dependent 
upon the ability of the crucible to withstand any 
tendency for the following reaction to occur. 


M,O, (crucible) + yC (solution) = 

xM (solution) + yCO (gas) (1) 
This type of reaction becomes more favorable as 
pressure is reduced, and is the most important con- 
sideration in the selection of a refractory oxide 
crucible. 

Consider a magnesia (MgO) crucible and make 
these assumptions: a) neglect the effect of alloying 
elements in the steel; that is, consider it to be pure 
iron; b) use weight per cent of elements in solution 
instead of activity — an error of less than +10 per cent 
will occur; c) Poo, the partial pressure of carbon 
monoxide, may be considered equal to the total 
pressure in the vacuum chamber; d) the existing 
conditions during refining of the steel are: a partial 
pressure of CO (chamber pressure) above the molten 
bath of 10-5 atmospheres (7.6 microns), metal tem- 
perature of 1600C (2912F, 1873K) and a carbon 
content of 0.40 weight per cent. 

The reaction is: 


MgO (crucible) + C (solution) = Mg (gas) + CO (gas) 
(2) 
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AF’... = AH’ — TaS° = + 140,090 — 55.62T = 

+ 35,890 calories (3) 

AF* = —R T Ink = — 4.575 T log K (4) 


ae Pug Poo =a Pug Poo 
Kio) — (ac) rT. (%C) (5) 





where 

AH® = standard enthalpy change of the reaction. 

AS°® = standard entropy change of the reaction. 
T = temperature in degrees Kelvin. 

AF° = standard free energy change of the re- 

action. 

Py, = partial pressure of magnesium gas. 

Poo = partial pressure of carbon monoxide gas. 
ag = activity of carbon in solution. 

%C = weight per cent of carbon in solution. 

K,,) = equilibrium constant for reaction (2). 


A reaction is not favored to proceed to the right 
when the standard free energy change is positive, but 
under the vacuum conditions, where the gaseous 
products are continuously being pumped away, the 
reaction becomes favorable to proceed to the right, 
as given by the applicable equilibrium constant K. 





log Ki2) = 
is AF® _ _ (140,090—-55.62[1873]) _ 4 19 
(4.575) (1873) (4.575) (1873) 7. 
(6) 
Poo Py 
K,.) = 6.45 X 10-5 = 2° “8 @ 1600C (7) 
(% C) 


Poo Puig = (6.45 X 10-*) (0.40) = 2.58 X 10-* atm.? (7a) 


Now assume Poo = Pyg, then Poo = Py, = 3.86 mm. 
This means that when the partial pressure (chamber 
pressure) of carbon monoxide in the system is 
below 3.86 mm, at 1600C, carbon in the steel may 
react with the MgO crucible, as shown in reaction 
(2), producing Mg vapor and CO gas which are 
continually removed from the vacuum chamber. 

Similar calculations for other possible crucible ma- 
terials illustrate that of the common refractory 
oxides, lime yields the lowest partial pressure of 
carbon monoxide, indicating the least tendency for 
the melt-crucible reaction to occur. However, due to 
its hygroscopic property; that is, its tendency to 
absorb and retain moisture, it is not desirable for use 
in vacuum melting applications, and magnesia be- 
comes most applicable. Table | is a list of equilibrium 
partial pressures of carbon monoxide above the steel 
melt (at 1600C) in order of increasing pressures 
involved in melt-crucible reactions in vacuum in- 
duction melting of high-strength steels. 


TABLE 1— PARTIAL PRESSURE OF CARBON 
MONOXIDE IN MELT-CRUCIBLE REACTIONS 





SN iiss > <Uanicciha doh den Poo = 0.68 mm, Hg 
| re Poo = 3.86 mm. 
SE I a5. v5 SoS ane. . 9p oe Poo = 4.11 mm. 
Al,O, (alumina) ............. Poo = 16.90 mm. 
ER ere Poo = 1.95 atm. 





Considering only the thermodynamics involved in 
the melt-crucible reactions, and eliminating CaO 












due to its hygroscopic tendency, MgO is best suited 
for vacuum induction melting of high-strength steels, 
as a partial pressure of CO of 3.86 mm or less need 
be obtained in order for the melt-crucible reaction 
to occur. SiO. would be the least desirable to use as 
a partial pressure of CO of 1.95 atm or less need be 
reached for the reaction to be favorable. 

Also, the application of vacuum will prevent re- 
action (1) from attaining equilibrium as the gaseous 
product CO is continually removed from the system, 
thereby making the 


M,QO, (cruc.) + yC (soln.) = xM (soln.) + y CO (gas) 
(1) 


reaction favorable to proceed to the right as written, 
so that the oxide crucible is continually reduced by 
the carbon in solution at a given pressure and 
temperature. 


Thermodynamics of Deoxidation 


Oxygen participates in every method of steel pro- 
duction, and its concentration in the molten metal 
greatly determines the rate and completeness of the 
refining process. During the oxidation stage of the 
cycle, the oxygen content of the melt is determined 
by its carbon content which generally is higher than 
in the carbon-oxygen equilibrium. 

Deoxidation of molten steel in vacuum can be 
achieved by the addition of elements that form oxides 
of greater stability and lower solubility than that of 
the dissolved oxygen in the steel bath. 

Carbon and hydrogen can react with the oxygen in 
the steel bath, forming gaseous products which can 
be continuously pumped away until equilibrium is 
reached or approached, while adding oxide-forming 
elements tends to form oxides which are insoluble in 
the solid state and therefore precipitate as nonmetallic 
inclusions during solidification. 

Deoxidation with a solid or gas that forms a solid 
or liquid oxide is not affected by reduced pressure, 
but if a gaseous oxide is formed, then lowering the 
pressure will increase deoxidation if more moles 
of gaseous products are formed than moles of gaseous 
reactants or if the reactants are liquid or solid but 
the product is gaseous. 

Examples of such reactions are: 


MO, (solid) + 3 H, (gas) = M (solution) + 3 H,O (gas) 
(8) 


M (solution) + O (solution) = MO (gas) (9) 


Reaction (8) is not favored by reduction in pres- 
sure as three moles of gaseous reactant are needed 
to produce three moles of gaseous product. Reaction 
(9) is driven further to the right by application of 
vacuum because the gaseous product can be con- 
tinuously removed so equilibrium will not be attained. 

Deoxidation with carbon. The equilibrium constant 
for the deoxidation reaction of molten iron by carbon 
is expressed: 


C (solution) + O (solution) = CO (gas) (10) 


Poo 
(0) (@0) (74) 


at a carbon content of less than one per cent, weight 


K (10) oo 














per cent may be substituted for activity so equation 
(11) can be written: 
Poo 


Kuo = HE) (GO) 


(12) 

The equilibrium constant K is a function of tem- 
perature only; therefore, at a given temperature, the 
application of vacuum reduces the value Pog which 
in turn lowers the (% C) (%O) product. That is, for 
a given value of % C, a lower oxygen content can be 
obtained; therefore, the deoxidation power of carbon 
is increased. 

Melting a steel containing 0.40 weight per cent 
carbon, at a pressure of 10-° atm (7.6 microns), 
assuming carbon monoxide is the only gas present 
in the system, at a temperature of 1600C (1873 K), 
we obtain: 


A F° (49) = —8510 — 7.52T (13) 
—(22,600) 
= > — 2. I 
log K (10) = 4575) 1873) 2.637 (14) 
Poo 
K 9) = — Ooo = 434 l4a 
0°) = TC) (%O) (200) 
™ (10-*) 


72 = 10.40) 434) > 5.76 X 10-8 wt. percent (J4b) 

Therefore, the equilibrium oxygen content is 5.76 
x 10° weight per cent at 1600C with 0.40 per cent 
carbon in solution at a partial pressure of carbon 
monoxide of 10-> atmospheres. 

It has been found that the deoxidation power of 
carbon is less than that calculated from the value of 
the equilibrium constant of the reaction. Samarin5 
found that at 1590C, the change of the partial 
pressure of CO by a factor of 104 has no influence 
upon the deoxidizing power of carbon in molten iron 
in a magnesia crucible. 

Several reasons can be offered for the deviation 
from theoretical values. Utilizing a magnesia (MgO) 
crucible during vacuum induction melting, it is found 
that carbon dissolved in steel may react with the 
refractory oxide expressed: 

MgO (s) + C (soln.) = Mg (g) + CO (g) (2) 

The MgO is reduced to Mg (in solution); however, 
due to its great insolubility in steel and high vapor 
pressure it volatilizes to Mg (gas); and O (in solu- 
tion), continually reacting with the carbon forming 
CO (gas), which are then pumped out of the system. 

Kinetic factors in the deoxidation reaction must 
be taken into consideration, as actually a condition 
of “metastable equilibrium” exists. The carbon-oxygen 
reaction only approaches equilibrium and is a slow 
process. 

Other reasons which may account for the deviation 
from theoretical results are: the carbon boil in the 
vacuum induction furnace does not represent true 
equilibrium conditions; therefore, the (%C) (%QO) 
product is usually somewhat larger than calculated; 
carbon monoxide is not evolved as a pure gaseous 
compound, but is always accompanied by carbon 
dioxide; the use of weight percentages instead of 
activities can only be justified at low carbon contents. 
Two possible sources and mechanisms of CO bubble 
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formation are suggested.6 Violent inductive stirring, 
by the development of vortices, may provide the 
energy to nucleate cavities in the melt into which 
the carbon monoxide may accumulate as a result of 
the surface reaction between the carbon and oxygen. 
Another nucleation source may exist in the cavities 
already present in the crucible at the crucible-melt 
interface. 

If these cavities exist in such a form so as to 
prevent wetting of the cavity-crucible surface by the 
melt, then there will exist numerous nucleation sites 
at which carbon monoxide may accumulate. On the 
other hand, the evolution of CO from the melt may 
only occur if the gas bubbles overcome barometric 
pressure, hydrostatic metal head and surface tension 
of molten steel. 

It can be concluded that it is a good assumption 
in determining the partial pressure of carbon mon- 
oxide to consider it equal to the total pressure in 
the vacuum chamber provided there is no furnace 
outgassing or atmospheric leaks into the system. The 
value of 5.76x 10-8 weight per cent oxygen is the 
theoretical minimum that could be attained if only 
the reaction C + O = CO(g) were involved; however, 
reduction of the magnesia crucible creates a source 
of additional dissolved oxygen. 

Deoxidation with manganese, silicon and aluminum. 
When a metallic deoxidizing element is added to the 
steel bath, a chemical reaction occurs in which dis: 
solved oxygen is removed from solution in the metal 
forming the oxide of the more active metal. Reduc- 
tion in pressure during the refining period does 
not enhance deoxidation with solid oxide forming 
elements so carbon, aluminum, silicon and man- 
ganese in decreasing order are effective deoxidizers 
for use in vacuum induction melting of high strength 
steels. From equation (14b), it is concluded that if 
optimum refining time were utilized, carbon alone 
would be able to deoxidize the melt until the carbon- 
oxygen equilibrium is approached as closely as pos- 
sible, providing no other reactions were involved. 


Thermodynamics of Desulfurization 


Low sulfur content of vacuum induction melted 
steels is primarily due to the use of an expensive, 
high-purity grade of raw materials with low residual 
sulfur content or remelting a master alloy produced 
in air utilizing conventional melting grade alloys, 
but desulfurized by one of various methods. 

The ideal method to remove sulfur dissolved in 
molten steel in vacuum would be to form a gaseous 
sulfide having a high vapor pressure with sufficiently 
high negative free energy of formation, so that it 
could be pumped from the system. 

In Fig. 1, the plot of standard free energy of 
formation of sulfides of interest in steelmaking re- 
actions as a function of temperature, it is seen that 
low pressure and/or high temperature will facilitate 
dissociation of metal sulfides. 

A line corresponding to a partial pressure of sulfur 
of 10-5 atmospheres ig superimposed on the chart, 
which at the same operating pressure in the vacuum 
system is the limiting case. That is, the sulfide vapor 
is assumed to be the only gaseous substance present 
in the system. It is theoretically possible to dissociate 
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Fig. 1— Standard free energy of formation for metal and gaseous 
sulfides of interest in steelmaking as a function of temperature. 




















any sulfide appearing above this line if it exists in 
its pure state; however, its behavior is somewhat dif- 
ferent when dissolved in steel. 

Thermodynamics of some of the possible reactions 
of desulfurization in which gaseous sulfides are pro- 
duced using reactants already present in the molten 
steel were considered. Calculations were based on 
pure iron, neglecting the effect of the presence of 
other alloying elements which effect the activity of 
sulfur; that is, the concept of interaction parameters. 

At low concentrations, weight per cent of element 
in solution is used in place of activity, yielding results 
within approximately 10 per cent of those using 
activity and interaction parameter. It was also as- 
sumed that the sulfide is the only vapor present in 
the vacuum system; that is, the - partial pressure 
of the gaseous product equals the chamber pressure, 
which is only true in the limiting case. 

The desulfurization reactions considered, and the re- 
sulting equilibrium partial pressures for these re- 
actions, are presented in Table 2. 


TABLE 2— POSSIBLE DESULFURIZATION REAC- 

TIONS AND PARTIAL PRESSURES OF GASEOUS 

SULFIDES INVOLVED IN VACUUM MELTING OF 
HIGH-STRENGTH STEELS 





Weight 


Reactions per cent Partial Pressures 





C (soln.) + 2S (soln.) = CS» (gas) ke Cc | P 


0.020 S $.> 1.01 X 10-8 atm 


Cc 


% S (soln.) = VY Se (gas) [ 0.020 s| P. = 3.50 x 10-9 atm 


C (soln.) + S (soln.) = CS (gas) be Pus= 4.20 X 10-9 atm 


2 H (soln.) + § (soln.) = H2S (gas) — H Pos 9.85 X 10-10 atm 


S (soln.) + 2 O (soln.) = SOz (gas) 4 Pao. = 1.41 X 10-11 atm 


Si (soln.) + 2S (soln.) = SiS» (gas) bed Po. = 2.14 X 10-12 atm 
_— - UZU SiSe 





At gaseous sulfide partial pressure of 10-5 atm, 
which is the limiting case only at a chamber pressure 
of 10-5 atm, if the sulfide vapors are assumed to be 
the only gases present in the system, there will be 
no desulfurization obtained by carbon, hydrogen, 
oxygen, silicon or distillation of sulfur because the 
equilibrium partial pressures of the gaseous sulfides 
are less than their partial pressures (chamber pres- 
sure) above the melt. 

Metallic desulfurizers, such as calcium, magnesium 
and rare earth elements have been studied; however, 
the disadvantage in using these lies in the necessity 
of a slag and the formation of solid sulfides which 
is undesirable in vacuum processing. 


Degassification 

The higher solubility of gases in liquid metal 
relative to the solid, provided the concentration ex- 
ceeds the solubility in the liquid upon solidification, 
results in gaseous evolution and precipitation at the 
dendritic interstices causing embrittlement of the 
material. Degassing of molten steel in vacuum is 
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controlled by inductive stirring and the carbon- 
oxygen “metastable equilibrium” deoxidation re- 
action. 

Inductive stirring continually exposes new surfaces 
of molten metal to vacuum which facilitates mass 
transfer of gaseous elements in solution to their 
gaseous states by desorption. Deoxidation occurs 
mostly during the carbon boil, at which time the 
carbon monoxide bubbles are the controlling factor 
in the removal of gases in their atomic state. Hydrogen 
and nitrogen diffuse into the CO bubbles until the 
partial pressures of these gases in the bubbles are 
in equilibrium with the hydrogen and nitrogen in 
the melt. 

In a stagnant system, that is, with the vacuum 
chamber isolated and an inert atmosphere of argon 
or helium introduced, equilibrium will be reached 
when the partial pressure of the gas in the metal 
equals the partial pressure of the gas in the inert 
atmosphere and no further reduction will occur. 
However, in a dynamic vacuum system, it is theoreti- 
cally possible to reach extremely low gas concentra- 
tions, assuming no other gas producing reactions are 
occurring, as equilibrium is never attained because 
the gaseous products are continually pumped out of 
the chamber. 

In the following calculations the partial pressure 
of the gas is assumed to be equal to the chamber 
pressure which in effect is the limiting case. Also, 
weight per cent is substituted for activity. 

The solubility of diatomic gases in molten metal, 
at a given temperature is proportional to the square 
root of the partial pressure of gas in equilibrium 
with the metal, according to Sievert’s Law: 


% Gas = K V/ Peas, (15) 


Hydrogen dissolved in steel. Hydrogen dissolves in 
liquid iron as single atoms according to the reaction: 


H, (gas) = 2 H (solution) (16) 
,_ (an)? 

(K)?(16) = K’ = 5— = (0.0027)? @1600C (17) 
H, 


so the per cent hydrogen that can exist in solution 
with molten iron at a partial pressure (assume partial 
pressure equals chamber pressure) of hydrogen of 
10-5 atmospheres is: 


% H = (0.0027) (\/10-5) = 8.45 X 10-6 = (17a) 


Therefore, a a hydrogen content greater than 
8.45 « 10-6 weight per cent (at 1600 C) gaseous evolu- 
tion would occur. 

At a hydrogen concentration of 0.0001 per cent 
(1 ppm): 
Py, = = oT 1.37 X 10-3 atm = 1.04 mm 


(17b) 


the hydrogen pressure above the melt must be greater 
than 1.04 mm to prevent evolution of hydrogen gas, 
whereas at a hydrogen concentration of 0.00001 per 
cent (0.1 ppm) a pressure greater than 10.4 microns 
is needed. 
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_ (0.00001)? 


= "(0.0027)" = 1.37 X 10 atm = 10.4 microns 


(17c) 


Pu 


Just below the solidification temperature of iron, 
it is found that with 0.0001 per cent dissolved 
hydrogen, the hydrogen partial pressure equals 
11.9 mm whereas at 0.00001 per cent hydrogen, Pu, 
equals 119 microns. This means that in order to 
prevent evolution of hydrogen gas at 1 ppm and 
0.1 ppm concentrations at the solidification tempera- 
ture a hydrogen partial pressure above the melt 
greater than 11.9 mm and 119 microns, respectively, 
is necessary. 


Nitrogen dissolved in steel. 
N, (gas) = 2 N (soln.) (18) 


x)" — (0.040): @ 1600 C (2912 F) 


(K)? (18) = K’= Py 





2 
(19) 
The concentration of nitrogen that can exist in 
solution with molten iron at a nitrogen partial pres- 
sure of 10-° atm is: 


% N = (0.040) (\/ 10) = 0.000127 per cent 
(19a) 


Therefore, evolution will occur at a nitrogen con- 
tent greater than 1.27 ppm under the existing con- 
ditions. 

In order to prevent gaseous evolution of nitrogen 
at a concentration of 0.0002 weight per cent, a partial 
pressure of nitrogen 


(ax)? (0.0002)? 

SS ee = 2.5 X 5 _ . 
Ns = 1K)? ~ (0.040)? 2.5 10-° atm = 19.0 microns 
(19b) 


greater than 19.0 microns is needed. Just below the 
solidification temperature of iron, it is found that 
with 0.0002 per cent dissolved nitrogen, the equilib- 
rium nitrogen partial pressure is 252 microns, which 
means 


(ax)? _ (0.0002)? 
"= Ky = O.011® = 3.31 X 10+ atm = 252 microns 
(19c) 


that a partial pressure of nitrogen greater than 252 
microns needs to be maintained above the melt to 
prevent evolution. 

Dissociation 

The dissociation of a compound into its elements, 
provided that at least one is gaseous, can be influenced 
by changing the pressure. Figure 2 is a plot of 
standard free energy of formation of oxides of 
interest in steelmaking reactions as a function of 
temperature. As the free energy of formation becomes 
more negative, the metal oxide is more stable; also 
it can be seen that low pressure and/or high tempera- 
ture will facilitate dissociation of metal oxides. 

A line corresponding to an oxygen partial pressure 
of 10° atmospheres is superimposed on the chart, 
which is for pure metals and oxides only. It can be 
concluded that in practice during vacuum induction 








melting of steel, oxygen is not removed by dissociation 
of metal oxides at an oxygen partial pressure above 
the melt of 10-° atm. Possible exceptions are nickel 
oxide (NiO) and hematite (Fe,O,). 

Superimposition of the carbon monoxide formation 
lines at pressures ranging from 10? to 10-* atmospheres 
shows that reduction in pressure enables carbon to 
reduce all metal oxides at a lower temperature. 

Many of the metal nitrides and hydrides will dis- 
sociate at a partial pressure of 10-° atmospheres of 
nitrogen and hydrogen, respectively, at steelmaking 
temperatures; however, removal of these gases is 
probably accomplished by a combination of diffusion 
and dissociation. 


Volatilization 

Dissolved metals, having a higher equilibrium vapor 
pressure than their vapor pressure above the melt, 
will volatilize out of solution as a function of the 
temperature, vapor pressure, chamber pressure, com- 
position and time. 

This vaporization would be beneficial in melting 
if a high-purity material were desired; however, the 
loss of alloying elements creates a problem in com- 
position control. Figure 3 is a plot of vapor pressures 
of elements of interest in steelmaking as a function 
of temperature. The alloy element of greatest concern 
in vacuum melting of high strength steels is manga- 
nese, which has a high vapor pressure; therefore, it 
can be added to the molten bath a) under an increased 
pressure of inert gas or b) during the late stages 
of the refining cycle, and compensation is made for 
the loss. 


EXPERIMENTAL PROCEDURE 


Equipment 

Figure 4 is a photograph of the 500 Ib (steel) 
capacity vacuum induction melting furnace used in 
these investigations. The unit consists of a horizontal 
vacuum chamber with five sight glasses and wipers; 
alloy additions chamber; remote control unit for hy- 
draulic tilting of furnace and vibratory feeder assem- 
bly; induction furnace; rotary mold table; standard 
valve assembly with immersion thermocouple, bridge- 
breaker and sampier and an inlet for introduction of 
an inert gas. 

The pumping system, consisting of mechanical 
roughing and holding pumps, three boosters and an 
oil diffusion pump, permits reduction from atmos- 
pheric pressure to less than ten microns (approxi- 
mately 10-5 atm pressure) in about 17 min with full 
charge and molds in the vacuum tank. Generally a 
pressure of less than ten microns can be maintained 
in the vacuum chamber throughout the entire cycle 
of a 250 lb steel heat. The power source is a motor 
generator set producing 175 kw at 440 volts and 
960 cycles. 


Mold Materials 
Three types of mold materials were used in these 
investigations—zircon sand, ceramic alumina and cast 
iron ingot molds. 
Table 3 lists the formula for a 100 lb batch of 
zircon sand. Zircon flour is first mixed with the sand. 
A solution of water, aluminum hydroxide (powder) 
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and phosphoric acid is made which is then added 
to the flour-sand mixture and thoroughly mulled. 
After ramming, the sand mold is placed in an oven 
for 8 hr at 450F, then in a furnace at 2000F for 
4 hr and furnace cooled. 


TABLE 3— COMPOSITION OF 100 LB 
BATCH OF ZIRCON SAND 


80 Ib Zircon sand (ZrO, + SiO.) 

20 Ib zircon flour 

1500 cc water 

500 cc phosphoric acid (HgPO4) 

712 grams aluminum hydroxide (AloO3 * 3H.O) 








In Table 4 is the list of ingredients for making 
a 15 Ib batch of alumina slip.? Preparation of the 





Fig. 4 — 500 lb (steel) vacuum induction melting unit. 











Fig. 3 — Vapor pressure of metals of in- 
terest in steelmaking as a function of 
temperature. 
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slip is as follows. Water is placed into a crock and 
one-half of the alumina with the gum arabic dispersed 
through it is added to the water and stirred with 
a spatula. Two ounces of 3 normal hydrochloric acid 
is added, then the mixture is drill-whipped for several 
minutes with a high-speed disc. Next, the ball clay 
is added and the mix is again stirred, after which 
the remaining alumnia is added in two equal addi- 
tions, with drill-whipping in between. 


TABLE 4— COMPOSITION OF 15 LB 
BATCH OF ALUMINA SLIP 


175.5 oz alumina 
45.0 oz water 

12.0 oz pot ash feldspar 
7.5 

15 





oz ball clay 
-5 oz gum arabic 





Production of the mold begins by mounting the 
wax patterns as in the conventional lost wax process. 
The assembly of patterns, sprues and gates is im- 
mersed into the slip, then submerged into a fluidized 
bed of 90-mesh alumina abrasive grit. After drying 
for about 20 min, subsequent layers are built up 
to the desired thickness repeating the above process. 
After slow drying of the mold, wax meltout is ac- 
complished in 3 min at 1625 F, and firing is done 
in 1l4-hr at 1825 F. This is necessary to develop 
requisite strength levels in a mold of this composition. 

The third mold material used were cast iron ingot 
molds. They are first shot blasted and then sprayed 
with either magnesia (MgO) or zirconia (ZrO,) wash 
at approximately 300 F. 


Melting 


In the production of ultra high strength S.A.E. 
4330 and 4340 steel castings utilizing vacuum induc- 














tion technology, two methods of charging metal are 
used. One is to use bar stock (about 99.50 per cent 
Fe) and ferro-alloy additions; the other is to make a 
master alloy in air (or vacuum) which is then re- 
melted in vacuum. In Table 5 is the chemical analysis 


TABLE 5— CHEMICAL ANALYSIS OF RAW 
MATERIALS USED IN PRODUCTION OF 
CONVENTIONAL VACUUM INDUC- 
TION MELTED S.A.E. 4330 AND 
4340 HIGH STRENGTH 
STEELS 





Analysis, % 
C Mn Si Cr Ni Mo S P Fe 








Bar Stock 0.14 0.27 0.15 0.01 0.02 0.01 0.016 0.010 bal 
Pig Iron 4.55 091 1.51 0.01 0.03 0.01 0.019 0.010 bal 
Ferroman- 

ganese 1.45 81.20 134 — — — 0.020 0.021 bal 
Ferrosilicon — — 5000 — _ — 0.040 0.050 bal 
Ferrochro- 

mium 0.07 — 0.39 6903 — — 0.045 0.055 bal 
Ferromolyb- 

denum 2.46 0.03 1.16 — — 66.21 0.142 0.076 bal 
Nickel — _ — — 9999 — _ —_ _ 





of raw materials used in the production of con- 
ventional vacuum induction melted high strength 
steels. Table 6 shows a typical analysis of charge ma- 
terials used in the production of low sulfur vacuum 
melted high strength steels. 


TABLE 6— TYPICAL CHEMICAL ANALYSIS OF 
CHARGE MATERIALS USED IN PRODUCTION 
OF LOW SULFUR VACUUM INDUCTION 
MELTED S.A.E. 4340 STEEL 





Analysis, % 
C Mn Si Cr Ni Mo S P Fe 








Master 

Alloy 0.43 0.75 0.27 0.80 1.82 0.26 0.004 0.010 bal 
Pig Iron 4.01 045 088 — — — 0.008 0.010 bal 
ElectrolyticMn 99.9 
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Bar stock or the master alloy billet is first shot 
blasted, then sometimes preheated. Effect of the pre- 
heat on the charge and alloy additions is to decrease 
moisture and surface gases. It is better to place the 
charge in the induction furnace, then increase the 
power input at a slow rate which in effect serves 
as a preheat and reduces absorbed gases. 

Base charge materials and pig iron are placed in 
the crucible. Alloy elements are set in their pre- 
scribed locations in the additions chamber. The unit 
is sealed and then evacuated to a pressure of less 
than ten microns. Meltdown is completed after ap- 
proximately one hr of heating including initia! pre- 
heating time. 


Refining 

During meltdown and the refining period the car- 
bon boil occurs, at which time most of the harmful 
gases, oxygen, hydrogen and nitrogen are removed. 
After a given time the boil essentially ceases, creating 
the condition of “metastable equilibrium.” That is, 
equilibrium is only approached but not reached as 
reduction of the refractory crucible yields another 
source of oxygen. 

Additions are made after the boil has ceased in the 
melt. Power is then decreased slightly in an attempt 
to maintain a temperature and pressure at which the 
melt-crucible reaction is not favorable. This period 
is when most of the remainder of the hydrogen and 
nitrogen is removed by desorption due to inductive 
stirring, which continually exposes new molten sur- 
faces to vacuum and facilities mass transfer of these 
elements from solution to their gaseous states. 

Due to its high vapor pressure at steelmaking 
temperatures, manganese is added to the bath during 
this late stage of the refining period, and compensa- 
tion is made for its predetermined loss. 

A molten sample is obtained if desired and the 
temperature is measured using an immersion thermo- 
couple. Both of these steps are accomplished through 
the hold valve assembly without releasing vacuum. 
Figure 5 illustrates a typical melting, refining and 
casting cycle. 
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Fig. 6— Vacuum melted 4340 
steel castings produced in these 
investigations. Upper left — 
zircon sand casting; above — 
ceramic alumina casting; left 
— cast iron ingot mold casting. 
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Casting 

After the desired refining time, pressure and tem- 
perature are attained, the heats are then poured into 
either a zircon sand mold, cast iron ingot mold or 
ceramic alumina mold (Fig. 6). There are three 
possible combinations of casting and _ solidification 
atmospheres available: a) pour and solidify under 
vacuum, b) pour under vacuum and solidify under 
inert atmosphere or c) pour and solidify under inert 
atmosphere. 

If poured under dynamic vacuum conditions, that 
is, with the pumping system operating, a stream 
degassing effect is realized, resulting in lower residual 
gas content. The equilibrium partial pressures of the 
gases above the molten metal are greater than their 
actual partial pressures above the mold cavity, pos- 
sibly leading to porosity due to gaseous evolution, 
especially if solidification also is accomplished under 
vacuum. 

In a stagnant system, that is, with the chamber 
isolated and an inert atmosphere of argon or helium 
introduced, stream degassing will not be affected. 
Gases initially evolved from the metal during and 
after pouring tend to remain above the metal, and 
the equilibrium partial pressures of these gases in- 
crease to an extent where they are greater than the 
actual partial pressures in the casting, thereby pre- 
venting further evolution and favor sound castings. 





However, there is the possibility of introducing mois- 
ture and impurities from the inert gas. 


It is concluded that the optimum casting and 
solidification conditions are to pour under dynamic 
vacuum conditions to gain the effect of stream de- 
gassing to obtain lower residual gas content. Immed 
iately upon filling the mold, an inert gas is intro- 
duced for the following reasons. First, according to 
Sievert’s Law, where the solubility of diatomic gases 
in molten metal, at a given temperature, is propor. 
tional to the square root of the partial pressure of 
gas in equilibrium with the metal, so that if the 
partial pressure of the gas is allowed to increase over 
the poured molten casting, a greater concentration 
of dissolved gases can exist in solid solution and 
prevent evolution during solidification. 

Second, if the steel is cast into a refractory sand 
mold, increasing the pressure above the metal would 
tend to suppress any reaction involving dissolved 
carbon and mold material where carbon monoxide 
is a product. Third, the increased hydrostatic pressure 
head may aid in filling a mold where overcoming 
surface tension is necessary or in a nonpermeable 
mold to obtain finer detail. 


Heat Treatment 


Three methods of heat treating were employed in 
these investigations—either heat treating the casting 
as an entity, machining oversize blanks from the 
periphery of the ingots, or removing the fins from 
those castings which had them and then heat treat. 
Table 7 illustrates the optimum heat treating cycle 
developed for S.A.E. 4340 steel. 


TABLE 7— OPTIMUM HEAT TREATING CYCLE FOR 
S.A.E. 4340 ULTRA HIGH STRENGTH STEEL 








Operation Temp., F Hold Time, hr 
Homogenize 2200 8 air cool to room temp. 
Normalize 1750 8 air cool to room temp. 
Anneal 1225 12 Furnace cool to room temp. 
Shot blast to remove scale 

Austenitize 1600 5 

Drop to 1400 

Oil Quench Room 2 


§400 (low silicon) 
1500 (high silicon) 7 
Quench Room 

§400 (low silicon) 
1500 (high silicon) 7 


Temper 


Temper 





Initially, the specimens are homogenized at 2200 F 
for 8 hr, then cooled in air down to room temperature. 
This treatment increases the uniformity of the steel 
by breaking up the dendritic structure. The next 
step is normalization at 1750F for 8 hr, which dis- 
solves all carbides, then air cool to room temperature. 
The function of the annealing treatment is to facili- 
tate machining and removal of gates and risers if 
necessary. 

Specimens are austenitized at 1600 F, then dropped 
to 1400 F and oil quenched. Lowering the tempera- 
ture 200 F decreases the tendency to quench crack; 











however, it allows the pieces to remain in the austeni- 
tizing range. 

The optimum properties are obtained by tempering 
it 400F for low silicon specimens and 500F for 
high silicon. Double tempering is utilized to avoid 
untempered martensite from forming by retained 
austenite decomposition. 


RESULTS AND DISCUSSION 


Residual Gas Content 

Major improvements in mechanical properties of 
ultra high strength steels, especially ductility and 
toughness at high strength levels, are obtained sub- 
stantially from the reduction of residual gas contents 
of oxygen, hydrogen and nitrogen. This is accom- 
plished by the carbon boil and inductive stirring 
mechanism, as described in the section on degas- 
sification. 





Table 8 shows the gas contents of the input ma- 
terials as determined by vacuum fusion analysis in 
the production of conventional vacuum induction 
melted §.A.E. 4340 steel using bar stock and fer- 
roalloys. 


TABLE 8 — GAS CONTENTS OF CHARGE MATERIALS 
USED IN CONVENTIONAL VACUUM INDUCTION 
MELTED S.A.E. 4340 STEEL 





Weight per cent 








Oxygen Hydrogen Nitrogen 

. .. .. SS Serer 0.0206 0.00014 0.0012 
PEE Ra dS a o<acegn eohete 0.0830 0.0005 0.0020 
_ . aero ee reer 0.0115 0.0003 N.D. 

Ferrochromium ............. 0.0340 0.0004 0.0420 
Ferromolybdenum .......... 0.0140 0.0006 0.0040 
Ferromanganese ............ 0.0015 0.0007 0.0810 
GE, sca vecessckiteuas 0.0016 0.0005 0.0011 





Substantial reduction in gas content is obtained 
after melting, refining and casting under vacuum or 
controlled atmosphere. A comparison is made in 
Table 9 of the gas concentration present in the steel 
charge, vacuum induction, air induction and air arc 
furnace melted 4340 steel castings. 





| TABLE 9— COMPARISON OF RESIDUAL GAS 
CONTENTS OF VACUUM AND AIR MELTED 
CASTINGS OF 4340 STEEL 





Weight Per Cent 








Oxygen Hydrogen Nitrogen 
’ 
Charge Material ....0.0251 0.00018 0.0029 
Vacuum Induction . .0.0003 0.00001 0.0005 
Air Induction .......0.0030 0.00010 0.0053 
_ 2 eee 0.0031 0.00017 0.0039 





It is seen in Table 10 that the oxygen, hydrogen 
and nitrogen reduction in vacuum induction melted 
steel is 83.7:1, 18.0:1 and 5.8:1, respectively, whereas 
the decrease in air induction melted for oxygen is 
8.4:1 and 1.8:1 for hydrogen. The reduction in air 
arc furnace melted 4340 steel is 8.1:1 for oxygen, 
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while hydrogen remains substantially the same. Both 
air melting processes result in an increase of nitrogen. 


TABLE 10— REDUCTION OF RESIDUAL GAS CON- 
TENT FROM CHARGE MATERIALS TO VACUUM 
AND AIR MELTED 4340 STEEL CASTINGS 








Oxygen Hydrogen Nitrogen 
Vacuum Induction .. .83.7:1 18.0:1 5.8:1 
Air Induction ....... 8.4:1 1.8:1 Increase 
FO SUE Pons thes dato aca 8.1:1 Sas) Increase 





The actual average residual oxygen content of 
vacuum melted 4340 steel is 0.0003 weight per cent as 
shown in Table 9. However, this concentration de- 
viates from the equilibrium oxygen content of 5.76 
x 10-* per cent calculated in equation (14b). It is 
suggested that this deviation is caused by the magnesia 
crucible being reduced by dissolved carbon forming 
magnesium (gas), and oxygen which enters into solu- 
tion and reacts with carbon to form carbon monoxide 
gas. That is, the melt-crucible, deoxidation and distil- 
lation reactions occur simultaneously, as follows: 

MgO (crucible) = Mg (soln.) = O (soln.); 


crucible reduction (20) 


C (soln.) + O (soln.) = CO (gas); 
deoxidation (10) 


Mg (soln.) = Mg (gas); distillation (21) 


Figure 7 shows the gain of oxygen from the melt- 
crucible reaction and the loss of oxygen due to the 
carbon deoxidation reaction, both as a function of 
refining time. At a given pressure and temperature, 
the above reactions will occur. The oxygen loss is 
determined by a weight balance with the carbon 
loss and the gain of oxygen from the MgO can 
be determined for the following relationship: 


Initial oxy. — Final oxy. = 
Grain of oxygen from MgO — Loss of Oxy. 
by CO reaction (22) 


The initial and final oxygen contents are measured 
by vacuum fusion gas analysis. It is assumed that all 
oxygen removal is in the form of carbon monoxide. 

The difference in both curves at a given time 
determines the net loss or gain of oxygen in the melt. 
Therefore, the minimum point of this curve yields 
the optimum refining time which should be utilized 
in vacuum refining of these ultra high-strength 
steels. This minimum point occurs at approximately 
45 min, i.e., 45 min should elapse from the time of 
completion of meltdown through the refining period 
to the final casting operation for optimum (lowest) 
residual oxygen content. After approximately 73 min 
of refining, oxygen reversion occurs; that is, the rate 
of oxygen gain in the melt is greater than the rate 
of loss. It is thus seen that excessive refining time 
is detrimental. 

The above results are not in agreement with the 
original conception, where it was expected that the 
oxygen concentration would gradually decrease with 
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time and approach zero concentration at long refining 
times. However, the results do show that at optimum 
refining times, extremely low oxygen concentrations 
(0.0003 weight per cent and lower) are obtained. It 
must be remembered that these results are for specific 
operating conditions, and certainly can be further 
improved by additional refinements in the pro- 
cedures. 


Nonmetallic Inclusions 


The nonmetallic inclusions found in steel castings 
are classified as a) those inclusions owing their 





T T 
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Fig. 7— Plot of gain of oxygen 
from melt-crucible reaction and 
loss of oxygen due to deoxidation 
reaction as a function of refining 
time. 


INERT ATMOSPHERE 


origin to the solubility of certain materials in steel and 
those resulting from chemical reactions occurring in 
the molten metal and b) those resulting from me- 
chanical entrapment of refractories and mold 
materials. 

Nonmetallic and mechanical inclusions can be 
especially detrimental in steel at the high strength 
levels, where they may exercise a severe stress con- 
centration effect and lead to failure. As temperature 
decreases, the solubility product curve of silicon and 
oxygen, for example, is decreased, which results in 
precipitation of silica inclusions during solidification. 











Vacuum refined steels containing sufficient carbon 
would have oxygen contents below the solubility 
product curve at the solidification temperature, re- 
sulting in the reduction in size and frequency of 
silica inclusions. Another possible reason for in- 
creased cleanliness is that some nonmetallics have 
high vapor pressures at steelmaking temperatures 
and the degree of vacuum attained during refining 
may volatilize these impurities. 

Figure 8 shows the relative cleanliness of vacuum 
induction melted 4340 steel compared to an air in- 
duction melted 4340 steel containing Type | and 2 
inclusions. The marked decrease in inclusion count 
demonstrates the cleanliness of the vacuum produced 
steel. Similar comparison of vacuum material and 
conventional air melted steel results in the same 
relative superiority of the vacuum product. 


Segregation 
It is seen in Table 11 that virtually no macrosegre- 
gation occurs in vacuum melted castings; however, 


Fig. 8 — As-cast microstructure of 
vacuum induction melted and con- 
ventional air induction melted 
4340 steel. Top — vacuum melted; 
bottom — air melted. Unetched. 
100 X. 
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this may be attributed to proper thermal gradients 
during solidification. 


TABLE 11— CHEMICAL ANALYSIS OF A VACUUM 
MELTED CAST IRON-INGOT MOLD CASTING, 
AT VARIOUS LOCATIONS 


Analysis, % 
Cc Ni Cr Mo Mn Si S P Fe 


(1) 0.425 1.85 0.73 0.25 0.63 0.34 0.014 0.015 bal 
(2) 0.42 1.87 0.73 0.24 063 0.34 0.015 0.014 bal 
(3) 0.425 1.90 0.73 0.24 063 0.34 0.022 0.015 bal 
(4) 042 1.87 0.73 0.24 0.64 0.32 0.016 0.015 bal 
(5) 0.42 1.87 0.73 0.25 0.64 0.34 0.023 0.015 bal 
(6) 0.42 1.87 0.73 0.25 0.64 0.36 0.017 0.016 bal 
(7) 0.42 1.86 0.73 025 063 0.84 0.016 0.016 bal 
(8) 0.42 1.87 0.73 025 0.66 0.34 0.014 0.015 bal 
(9) 0.42 1.82 0.73 0.25 063 0.34 0.015 0.016 bal 
(10) 0.415 1.84 0.73 0.25 0.65 0.34 0.017 0.015 bal 














Sections which solidify rapidly seldom show a 
clearly-defined dendritic structure upon etching; not 




















Fig. 9 — Photomacrograph of horizontal section of as-cast 
vacuum induction melted 4340 steel zircon sand cast- 
ing containing 0.021 weight per cent sulfur. Actual size. 


because there is none developed, but rather because 
there is insufficient time for dendritic segregation. 
To be effective, an etching treatment must be selec- 
tive in its action, and in order to be selective the speci- 
men must be chemically or physically heterogeneous. 
Steels with low impurity contents, such as sulfur and 
phosphorus, do not exhibit as pronounced a dendritic 
structure compared to steel with nominal amounts of 
these impurities. 

Figure 9 is a photomacrograph of a horizontal 
section of an as-cast, vacuum produced 4340 steel 
containing 0.021 per cent sulfur and 0.014 per cent 
phosphorus. Figure 10 shows a steel processed in 
the same manner with the same composition; however, 
its sulfur and phosphorus contents are 0.003 and 
0.013 weight per cents, respectively. Both of these 
specimens were etched in a solution of 12 per cent 
sulfuric acid, 38 per cent hydrochloric acid and 50 
per cent water for approximately 20 min at 170 F. 
The macrographs clearly illustrate the almost com- 
plete absence of sulfide inclusions from the dendritic 
interstices in the low sulfur steel. 

Presence of darkly-colored areas of silver sulfide 
show the relative amounts of sulfur present in the two 
specimens in the sulfur prints in Fig. 11. This figure 


shows that the low sulfur steel contains much less 
sulfur and sulfide inclusions, which should result in 
increased ductility and toughness. 

Absolute gaseous segregation is lower in vacuum 
melted castings because a lower gas content is present 
when solidification begins; however, local segregation 
still occurs. Figure 12 illustrates the locations of 
specimens obtained for vacuum fusion gas analysis 
of oxygen, hydrogen and nitrogen (although nitrogen 
is not quantitative by this method) from an as-cast 
vertical section of an ingot. From Table 12 it is ob- 
served that a lower residual gas content is associated 
with the columnar zone in a casting and the concentra- 
tion increases in the equiaxed zone toward the center. 


Mechanical Properties 

To evaluate the effect of lower residual gas content, 
reduction in size and distribution of nonmetallic and 
mechanical inclusions, low sulfur content, tempering 
temperature and mold materials, standard 0.357 in. 
tensile and 0.394 in. V-notch Charpy impact specimens 
were obtained from the fins or periphery of the cast- 
ings. The tensile specimens were tested for yield 
strength at 0.1 and 0.2 per cent offset, ultimate tensile 
strength, per cent elongation and per cent reduction 
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Fig. 10 — Photomacrograph of horizontal section of as-cast 
vacuum induction melted 4340 steel zircon sand cast- 
ing containing 0.003 weight per cent sulfur. Actual size. 


TABLE 12— RESIDUAL GAS CONTENT 
OF SPECIMENS* 








Oxygen Hydrogen Nitrogen 
(a) 0.00030 0.000004 0.00028 
(b) 0.00007 0.000004 0.00018 
(c) 0.00006 0.000006 0.00026 
(d) 0.00002 0.000008 0.00042 
(e) 0.00008 0.000018 0.00023 
(f) 0.00014 0.000016 0.00004 
(g) 0.00052 0.000045 0.00039 
(h) 0.00010 0.000006 0.00008 
(i) 0.00009 0.000004 0.00003 
(j) 0.00009 0.000003 0.00004 
(k) <0.00001 < 0.00001 0.00009 
(l) <0.00001 <0.00001 0.00009 


*Obtained from locations as shown in Fig. 12 of an as-cast 
vertical section of an ingot of vacuum remelted 4340 steel 
(weight per cent). 





of area. Impact energy necessary for fracture of Charpy 
specimens was measured at —40° (—40 C = 40 F). These 
results of vacuum melted S.A.E. 4340 steels are com- 
pared to air induction melted steels produced using 
the same thermal gradients during solidification, as 
seen in Table 13. Also listed in the same table with 


the physical properties are their corresponding chemi- 
cal analysis and residual gas content. 

It is seen that at a given tensile strength, ductility— 
as measured by per cent elongation and reduction 
in area, and toughness—as measured by impact energy 
for fracture, are substantially increased in vacuum 
produced high strength steels over those manufactured 
by conventional air induction methods. This is true 
especially at the highest strength levels where a silicon 
content in excess of one weight per cent is used. 

The greatest improvement occurs at this level in 
the vacuum produced castings, because in air melted 
steel this high silicon concentration leads to forma- 
tion of larger and more numerous nonmetallic in- 
clusions. Also, reduction in sulfur from 0.019 to 0.004 
weight per cent in vacuum melted steels increases 
the ductility still further. It is anticipated that with 
continued refinement of vacuum and controlled at- 
mosphere melting, refining, casting and solidification 
techniques, consistent properties of S.A.E. 4340 steel 
castings can be obtained to yield the following results: 





Charpy 

YS., YS., Elong., R.A., Impact, 
@0.1% @ 0.2% U.TS. % % @ —40° 
230,000 psi 245,000 psi 295,000psi 10.0 25.0  10.0Ft-lb 





TABLE 13— MECHANICAL PROPERTIES OF 4330 AND 4340 VACUUM AND AIR INDUCTION MELTED STEEL 
CASTINGS PRODUCED IN THESE INVESTIGATIONS 



































Charpy 
Y.S., Th, Impact 
0.1%, 0.2%, UTS. 8. RA. —@’, 
Cc Ni Cr Mo Mn Si S P psi psi psi % % ft-lb 
Air - IBZ 0.38 1.95 1.27 0.28 0.86 1.11 0.017 0.010 218,000 234,000 290,500 5.7 6.0 6.0 
219,500 235,000 290,000 7.1 9.8 7.1 
Hydrogen Nitrogen Oxygen Temper @ 217,500 233,000 288,800 5.0 9.3 8.3 
0.00008 0.00820 0.00430 400 F-OQ 217,000 232,500 290,000 57° 114 8.7 
Air - 2BZ 0.40 1.95 1.24 0.25 0.84 0.26 0.017 0.010 215,500 225,000 277,000 10.0 22.1 7.8 
212,500 225,500 273,500 8.6 13.0 8.4 
Hydrogen Nitrogen Oxygen Temper @ 215,000 228,000 275,000 7.1 14.0 9.0 
900008 0.00602 0.00532 400 F-0Q 213,000 227,000 275,300 7.1 16.1 10.2 
Vacuum-HP- 
3MZ 0.41 1.78 0.87 0.24 1.13 1.10 0.005 0.011 202,500 218,000 298,000 79 20.1 136 
Hydrogen Nitrogen Oxygen Temper @ 206,000 221,500 296,000 86 196 13.0 
~ 0.00002 ~ 0.00029" 0.00012 400 F-WQ 
Vacuum-HP- 
4BZ 0.375 1.83 0.87 0.25 0.82 0.39 0.014 0.010 192,500 206,000 260,000 8.6 265 13.0 
192,500 207,000 260,000 100 289 13.0 
Hydrogen Nitrogen Oxygen Temper @ 193,000 207,000 262,500 86 284 13.0 
9.00003 >.0001 0.00018 00 F-WO F-WQ ° 192,000 205,000 261,800 10.0 294 13.5 
Vacuum-VP- «'- 
5MZ 0.42 1.69 0.88 0.24 0.98 1.18 0.004 0.012 233,500 244,000 290,000 23 23.1 10.1 
233,000 247,500 290,500 93 206 10.0 
Hydrogen Nitrogen Oxygen Temper @ 235,000 248,500 292,000 7.1 #124 110 
9.00002 9.00013 0.00028 500 F-WQ 233,700 248,500 288,600 86 253 126 
Vacuum-VP- 
6MZ 0.335 1.87 0.79 0.22 0.36 0.35 0.014 0.012 191,000 207,000 255,000 10.7 326 149 
, 194,000 209,000 256,000 10.7 335 149 
fans eens —— fa lil 199,000 212,500 258,000 9.3 289 127 
0.000004 0.0004 0.0001 300 F-WQ 
Vacuum-HP- 
7BZ 0.42 1.80 0.85 0.28 1.05 0.25 0.019 0.011 201,500 215,500 272,000 10.7 206 112 
200,000 215,000 271,000 86 206 11.3 
Hydrogen Nitrogen Oxygen Temper @ 198,000 213,500 271,000 86 226 11.6 
00001 7.00108 0.00043 300 F-Wo. F-wWQ 202,000 216,500 272,000 10.0 216 11.7 
Vacuum-HP- 
8BC 0.41 2.00 0.89 0.11 0.40 0.40 0.015 0.009 208,500 225,500 295,500 10.0 25.1 8.0 
207,500 225,500 294,000 100 246 10.0 
Hydrogen Nitrogen Oxygen Temper @ 192,000 213,000 267,000 93 24.1 8.1 
700003" 0.00048 0.00124 300 FW. 207,500 229,000 298,000 7.1 124 7.8 
Vacuum-VP- 
9MC 0.47 1.77 0.90 0.35 0.96 1.63 0.004 0.012 240,500 257,000 303,000 7A. 218 6.3 
, . " 242,500 258,000 307,000 64 18.1 7.0 
, } @ ; 
J ee — ee 242,500 258,000 308,000 64 186 7.7 
0.000007 0.00064 0.00004 550 F-OQ ' 
Vacuum-HP- 
10BZ 0.28 1.90 0.95 0.23 0.74 0.27 0.017 0.013 168,500 181,500 227,000 114 349 123 
172,000 183,500 228,500 10.7 27.5 128 
Hydrogen Nitrogen Oxygen Temper @ 170,000 182,000 225,500 10.7 349 12.0 
00002 0.0007 0.0007 400 F-WQ 107,000 179,500 226,500 100 322 12.2 
Vacuum-VP- 
1IMC. 0.43 1.69 0.79 0.24 0.81 0.33 0.005 0.010 225,500 236,500 282,000 86 226 8.7 
225,000 237,000 281,300 720 33 9.1 
Hydrogen Nitrogen Oxygen Temper @ 222,000 232,000 282,500 7.1 176 9.9 
0.00001 0.00074 0.00036 400 F-00 F-0Q 227,000 237,000 284,500 6.4 76 12.0 
Key Z— Zircon sand mold 


C — Cast iron ingot mold 
B — Bar stock 

VP — Vacuum poured 

HP — Helium poured 
M — Master alloy 














Fig. 11 — Sulfur prints of vacuum induction melted 4340 
steel zircon sand castings containing 0.03 and 0.21 weight 
per cent sulfur. Left — 0.021 sulfur. Right — 0.003 sulfur. 


CONCLUSIONS 


Extremely low residual gas contents of ultra high 
strength steels are obtained by vacuum induction 
processing. Hydrogen and nitrogen are reduced to 
low levels by the inductive stirring mechanism which 
exposes new molten metal surfaces to vacuum, which 
facilitates mass transfer of these elements in solution 
to their gaseous states by desorption. Oxygen con- 
centration is greatly reduced by the carbon boil, 
at which time atomic hydrogen and nitrogen diffuse 
into the carbon monoxide bubbles causing further 
reduction of these gases. 

Residual gas contents of oxygen, hydrogen and 
nitrogen of 0.0003, 0.00001 and 0.0005 weight per 
cent, respectively, and lower, are attained in vacuum 
refined castings. This is a reduction in these gases of 
83.7:1, 18.0:1 and 5.8:1 from the charge materials. 

Carbon is the most effective deoxidizer of steel in 
vacuum for its deoxidizing power is increased as the 
partial pressure of carbon monoxide is reduced. 

The actual oxygen content is higher than the pre- 
dicted equilibrium oxygen concentration. This is 
caused by reduction of the crucible by dissolved 
carbon which provides an additional source of 
oxygen. 

Lower residual gas content is associated with the 
columnar zone in vacuum produced steel castings 
whereas the concentration increases in the equiaxed 
zone toward the center. 

Reduction in pressure enhances any reaction which 
yields a gaseous product from solid or liquid reactants 
as the dynamic vacuum conditions prevent equilib- 
rium from being attained. As the gaseous products 
are continually removed from the system, the reaction 
is favored to proceed as written. 

Removal of oxygen by dissociation of metal oxides 
in molten steel is not favored at the pressures attain- 
able in the vacuum system. Possible exceptions are 
nickel oxide (NiO) and hematite (Fe,O,). 

A large reduction in size and frequency of non- 
metallic inclusions is achieved in vacuum induction 
melting over conventional air melting procedures. 
For example, precipitation of silica inclusions is not 
favored at the solidification temperature of vacuum 
melted steels containing sufficient carbon, as the 
oxygen content is below the solubility product curve 
of silicon and oxygen. 
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Magnesia is the optimum crucible material of the 
common refractory oxides for use in vacuum induc- 
tion melting of steels for the melt-crucible reaction 
is the least favorable. The crucible should be designed - 
with greater vacuum-melt interface area to increase 
gaseous removal and less crucible-melt area of contact 
to minimize crucible reduction. 

Results of sulfur analyses confirm the theoretical 
calculations that desulfurization is not obtained in 
conventional vacuum induction melting by the ele- 
ments already present in the steel, such as carbon, 
silicon, hydrogen, oxygen and sulfur distillation. 

Due to its high vapor pressure at steelmaking tem- 
peratures, manganese is added to the steel bath late 
in the refining period and compensation is made 
for its predetermined loss. 

















The optimum casting and solidification conditions 
are to pour under dynamic vacuum to gain the effect 
of stream degassing. Immediately upon filling the 
mold with molten steel, an inert atmosphere is intro- 
duced, the pressure of which is well above that 
associated with the equilibrium gas concentration 
in the metal at the time of pouring. 

Mechanical properties of vacuum induction melted 


Fig. 12 — Locations of specimens obtained from vacu- 
um fusion gas analysis of as-cast vacuum induction 
melted 4340 steel cast iron ingot mold casting. Top 
arrow — equiaxed zone. Second arrow — columnar 
zone. Lettered section — specimens for vacuum fusion 
analysis. 


and air induction melted S.A.E. 4340 high-strength 
steels, both with the same thermal gradients during 
solidification, have been attained as follows: 








Charpy 

7z.. YS., Impact, 

0.1%, 0.2%, U.TS., Elong., R.A., —40°, 
psi psi psi % 7% ft-lb 

(0.25-0.30 Si) 
Vacuum 207,000 225,000 295,000 99 245 90 
Air 214,000 226,000 276,000 83 160 8.7 
(1.1-1.2 Si) 

Vacuum 233,000 247,000 290,000 86 20.3 104 
Air 218,000 234,000 290,000 5.9 91 7.5 





It is seen herein that ductility and toughness, espe- 
cially at the ultra high strength levels, are substan- 
tially improved in vacuum produced steels over thase 
melted in air. This is caused by reduction in non- 
metallic inclusions and lowering of residual gas con- 
tent in vacuum. Reduction in sulfur causes further 
improvement in these properties. These data pertain 
to the best heats in air and vacuum and represent 
an average of at least four test specimens. 


REFERENCES 


1. Schaffer, P. S., “Vacuum Induction Melting of High-Strength 
Steels,” M.S. Thesis, Dept. of Met., Massachusetts Institute of 
Technology (Jan. 1960). 
2. Coughlin, J. P., “Contributions to the Data on Theoretical 
Metallurgy,” Bureau of Mines, Bulletin 542 (1954). 
3. Chipman, J., “Physical Chemistry of High-Temperature Re- 
actions,” Ch. 14, Basic Open Hearth Steelmaking, A.1.M.E. 
(1951). 
4. Chipman, J., “Physical Chemistry of Liquid Steel,” Ch. 16, 
Basic Open Hearth Steelmaking, A.I.M.E. (1951). 
5. Samarin, A. M., “Deoxidation of Steel in Vacuum,” Vacuum 
Metallurgy, R. Bunshah, editor (1958). 
6. Machlin, E. S., “Kinetics of Vacuum Induction Refining — 
Theory,” Utica Metals Division, Kelsey-Hayes Co. (1958). 

. Quigley, F. C. and Bovarnick, B., “Investment Casting in 
Shell Molds — Part II: Alumina Base Ceramic Shells,” Pre- 
cision Metal Molding, (Dec. 1959). 


~I 








HYPOEUTECTIC GRAY CAST 
IRON LADLE ADDITIONS 


Graphite, silicon, aluminum & calcium additions effect on 
solidification, microstructure and mechanical properties 


by D. D. McGrady, C. L. Langenberg, D. J. Harvey and H. L. Womochel 


ABSTRACT 

This progress report gives additional data on the 
effectiveness of pure silicon and aluminum as addition 
agents, and presents data on graphite as an inoculant. 
Data are presented on the effect of calcium, silicon 
aluminum and graphite additions on the eutectic tem- 
perature. Experiments designed to determine the effect 
of these elements on the nucleation of solidification 
and transformation of hypoeutectic irons are described. 


INTRODUCTION 

Data obtained from a study of the relative effec- 
tiveness of some late addition agents on the me- 
chanical properties and microstructure of hypoeutec- 
tic cast irons were presented in a previous report.? 
Included in this study were various grades of ferro- 
silicon, calcium-silicon and a complex silicon alloy 
containing zirconium. The effects of the late addition 
of calcium, aluminum and silicon in the pure form 
were also determined. The following conclusions 
were listed in this paper. 


1) The most effective inoculating alloy was calcium 
silicon containing approximately 30 per cent of 
silicon. The superiority of the high calcium alloy 
over ferrosilicon was marked. 

The various grades of ferrosilicon increased in 

their inoculating power with increasing content of 

calcium and aluminum. A grade of ferrosilicon 
low in active metal content was without value as 
an inoculant. 

3) An alloy of silicon and manganese which con- 
tained only traces of calcium was not effective as 
an inoculant. 

4) Additions of the element silicon (purified silicon, 
99.8 per cent silicon, balance iron) were without 
effect. 

5) Metallic calcium additions ranging from 0.10 to 
1.00 per cent were effectwe in improving prop- 
erties and microstructure. 
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6) Metallic calcium additions effected a reduction of 
eutectic cell size, indicating a nucleation of eu- 
tectic solidification. 

7) Metallic calcium additions effected a decarburi- 

zation of melts indicating the formation of an in- 

soluble carbide of calcium. 

Addition of 0.07 and 0.5 per cent aluminum were 

not effective in improving graphite distribution, 

but were effective in reducing chilling tendency. 


8) 


These results were strongly indicative of the major 
role of calcium in inoculation, and tend to discredit 
theories based on the addition of silicon. The possi- 
bility of a theory based on the agency of calcium was 
indicated. 


EXPERIMENTAL PROCEDURE 


Some of the heats of this report were melted in a 
250 Ib indirect-arc furnace. The others were melted 
in a 30 lb high frequency induction furnace. Charges 
for the indirect-arc, rocking furnace consisted of pig 
iron, steel scrap and 27 per cent ferrosilicon as a cold 
charge. Manganese and sulfur contents were adjusted 
immediately after the meltdown with ferromanga- 
nese and iron sulfide. All melts were brought to 
2850-2900 F as determined by the optical pyrometer, 
and were tapped in this range. Pouring tempera- 
tures were determined either with the optical instru- 
ment or a platinum-platinum rhodium couple, and 
were in the range of 2650-2750 F. 

All ladle additions of alloys, graphite and of pure 
silicon were made by tapping a small amount of metal 
and then adding the inoculant continuously as the 
balance of the iron entered the ladle. In the case of 
treatments with active metals, the metal was wired to 
an iron rod and plunged beneath the surface of the 
molten iron. The time interval between tapping and 
pouring was 2 to 4 min. 

Metal from each ladle was poured into dry sand 
core, 1.2 in. standard test bar molds washed with a 
noncarbonaceous wash. These bars were broken on 
18 in. centers in accordance with standard procedure. 
All transverse test bar results are the average of three 
or more bars. Small wedge chill test specimens were 
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used in some experiments; in others a chill block spec- 
imen was employed. 

.Tensile test results were not reported in most cases. 
As the work continued it became evident that the 
transverse breaking load, the deflection and in par- 
ticular the triangular resilience provided a more sen- 
sitive index of variation in microstructure and the 
effectiveness. of inoculants than did the tensile 
strength. Triangular resilience was computed by mul- 
tiplying deflection by one half of the transverse break- 
ing load. 

Carbon and silicon contents of the irons were de- 
termined on each ladle. Sulfur, manganese and phos- 
phorus contents were determined only on one ladle 
from each heat, unless these elements were involved 
in the additions or when there was reason to believe 
that their contents were altered in some way by the 
ladle addition. 

The microstructure of all significant iron of this 
and the previous report were examined, and it was 
concluded that the results of the transverse test were 
closely correlated with variations in microstructure. 
The presence of a large proportion of type A graph- 
ite, particularly at the surface of the casting, seems 
to be effective in producing a high transverse break- 
ing load and a high deflection. Typical photomicro- 
graphs were presented in the first report where it was 
Shown that calcium and calcium-silicon alloy were 
particularly effective in producing type A graphite at 
and near the surface of the 1.2 in. section. 

The induction melts were made in a 30 lb mag- 
nesia crucible. Charges consisted of arc furnace re- 
melt, ingot iron punchings and 27 per cent ferro- 
silicon as a cold charge. Manganese, sulfur and phos- 
phorus contents were adjusted immediately after the 
meltdown with additions of ferromanganese, ferro- 
phosphorus and iron sulfide. Melts were brought to 
2850-2900 F as indicated by an optical pyrometer. The 
molten iron was transferred to a pouring ladle, and 
the additions made during the transfer or in the 
ladle. Pouring temperatures were 2650-2675 F as in- 
dicated by the optical pyrometer, or in some cases 
the immersion thermocouple. 


EXPERIMENTAL RESULTS 


In the experiments of this and the previous report, 
irons were produced in pairs to.as nearly the same 
composition as possible with respect to carbon, sili- 
con, manganese, phosphorus and sulfur, the only var- 
iable being the ladle addition. In some cases this in- 


volved taking two ladles from the same arc furna-e 
heat; in other cases, where the addition produced a 
composition change with respect to one of the abo: e 
elements, it was necessary to melt separate heats wih 
the required adjustment of the cold charge to co1 
pensate for the changes in composition brought abo : 
by the addition. 

In making comparisons between irons in these 
papers, an effort has been made to keep the carbo 


o 


equivalents ( C +51) within 0.1 of one per cent. Thi 


a 


is a degree of control which compares favorably with 
that of similar experiments reported in the literature. 


Silicon as an Inoculant 

The principal theory for the inoculation of hypo- 
eutectic gray cast iron has been based on a nucleation 
of solidification by silica or silicate particles formed 
by the addition of the silicon alloys which have been 
commonly employed as inoculants. These nuclei were 
credited with the prevention of undercooling, and 
formation of the undesirable types D and E graphite 
by the direct formation of type A graphite from the 
melt. 

In the previous paper it was demonstrated that 
late additions of pure silicon and certain silicon alioys 
containing only traces of active metals were without 
value as inoculants, and produced no improvement of 
the graphite distribution or the mechanical properties. 

Table | presents data on the effect of silicon and 
certain silicon alloys on the mechanical properties. In 
this and succeeding tables “Trans” refers to the trans- 
verse breaking load for the 1.2 in. standard bar, “De- 
flec’” to the deflection in in., “Res” to the triangular 
resilience in in. lb and “Chill” to the chill depth in 
¥5-in. units. Under chill both clear chill, and clear 
chill plus mottled are reported. For example, the 
Figs. 8-21 would indicate a clear chill of 84.-in., and 
a total chill of 244,-in. 

In these tables, the irons which afford a direct com- 
parison are grouped together. Data from the previous 
paper are presented with new and confirming data 
on the effect of pure silicon in Table 1. The type of 
furnace used in melting is indicated in the table. 

The first three irons of Table 1 were melted to de- 
termine the effect of pure silicon. T26-1 was treated 
with purified silicon (99.8 per cent Si balance Fe) 
for comparison with blank, untreated heats T25-2 and 
T27-1. Data on the mechanical properties of these 
irons indicate that an addition of silicon to a hypo- 


TABLE 1— DATA ON SILICON AS AN INOCULANT 








Trans., Deflec., Res. Chill, 
Iron Furnace Addition Ib in. in./lb Yp-in. Units C,% Si,% Mn,% P,% S,% 
T25-2 Arc Blank 2575 0.230 296 12-18 2.84 2.24 0.80 0.122 0.062 
T26-1 Arc 0.5% Si as pure Si 2533 0.210 266 13-36 2.87 2.32 0.85 0.115 0.066 
T27-1 Arc Blank 2490 0.232 289 12-20 2.84 2.39 0.83 0.122 0.066 
T46 Induction Blank 2610 0.205 267 23-46 2.84 2.08 0.91 0.164 0.068 
T55 Induction 0.55% as pure Si 2460 0.201 247 20-48 2.83 2.05 0.90 0.131 0.058 
T26-3 Arc 0.5% Si as Fe-Si alloy 2591 0.230 298 13-29 2.85 2.34 0.85 0.115 0.066 
T27-1 Arc Blank 2490 0.232 289 - 12-20 2.84 2.39 0.83 0.122 0.066 
T3-1 Arc 0.18% Si as Si-Mn alloy 2364 0.184 217 $2-52 2.88 2.31 1.06 0.075 0.062 
T4-1 Arc Blank 2580 0.218 284 16-35 2.94 2.34 1.00 0.077 0.062 














TABLE 2— DATA FOR PURE CALCIUM AND ALLOYS CONTAINING CALCIUM 





Trans., Deflec., 


Res. Chill, 





[ron Furnace Addition Ib in. in./lb Yo-in. Units C,% Si,% Mn,% P,.% $,% 
r39-1C Arc 1.00%, Calcium metal 3313 0.313 518 2-3 2.72 2.46 0.87 0.188 0.042 
r32-2C 8 Arc 0.75% Calcium metal 3389 0.341 578 4-6 2.73 2.48 0.87 0.188 0.040 
140-1C Arc 0.10% Calcium metal 3245 0.292 474 5-12 2.70 2.43 0.83 0.186 0.053 
r40-1B Arc Blank 2390 0.191 228 12-28 2.74 2.47 0.83 0.186 0.054 
142-2B Arc Blank 2455 0.197 241 14-24 2.72 2.48 0.86 0.186 0.054 
r2-C2 Arc 0.70% Si as Ca-Si Alloy 3728 0.394 745 4-8 2.84 2.21 0.99 0.102 0.046 
125-2 Arc Blank 2575 0.230 296 12-18 2.84 2.24 0.80 0.122 0.062 





eutectoid iron is without effect on the mechanical 
propertiés. Careful study of the microstructures re- 
vealed no effect of the silicon addition on graphite 
distribution or matrix structure. 

Iron T46, a blank iron, and T55, treated with 
0.55 per cent Si as pure silicon, were melted in the 
induction furnace as a check on the arc furnace heats. 
These results are in close agreement with the irons of 
the first group. 


Iron-Silicon Alloy Treatment 

Iron T26-3 was treated with an iron-silicon alloy 
designated as a low aluminum ferrosilicon (Si 93.00 
per cent, Al 0.45 per cent, Ca 0.01 per cent, Fe bal- 
ance). This alloy is not recommended as a commer- 
cial inoculant, and was employed in this research to 
provide additional data on the effect of silicon as an 
inoculant. Comparison of this iron with the corre- 
sponding blank T27-1 shows that late silicon in this 
form has a negligible effect on properties. 

Heats T3-1 and T4-1 were melted to determine the 
effect of silicon additions made as a silico-manganese 
alloy. The alloy employed contained: Mn 65.50 per 
cent, Si 18.5 per cent, C 1.25 per cent, Ti 0.17 per 
cent, Fe balance (Ca and Al present only as traces). 
Comparison of these irons shows that the late addi- 
tion of silicon as silico-manganese of this analysis is 
without benefit. 

The results of Table 1 lead to the conclusion that 
the late addition of silicon to the low carbon, high 
strength irons is without beneficial effect. In some 
cases, it appears that the withholding of silicon for the 
purpose of a late addition is slightly detrimental rath- 
er than beneficial to properties. 

It should be emphasized that these results were ob- 
tained with hypoeutectic, low carbon irons. The ad- 
dition of silicon to high carbon iron has not been in- 
vestigated in this research and may produce another 
result. The low carbon irons were selected for this 
investigation because of their strong tendency to pro- 
duce type D and E graphite, and because of their 
sensitivity to the inoculating additions. 


Calcium as an Inoculant 

The lack of effectiveness of pure silicon, and of 
silicon alloys low in active metal content when com- 
pared with alloys containing appreciable amounts of 
calcium and aluminum, suggested the desirability of 
determining the effect of pure calcium and pure alu- 
minum as inoculants. Data for pure calcium, and for 
a calcium-silicon alloy containing 31.72 per cent cal- 
cium, are presented in Table 2 with corresponding 


blank heats. In these experiments the metallic cal- 
cium addition was made by plunging the active metal 
on an iron rod. 

These data are indicative of the major role played 
by the calcium in the various grades of ferrosilicon 
and calcium-silicon in the inoculation of cast iron. 
Calcium and calcium-silicon were the most effective 
inoculants employed in this research. Examination of 
the cross-sections of the transverse bars for the cal- 
cium treated irons showed the graphite distribution 
to be type A to the surface of the 1.2 in. bar, whereas 
bars of irons treated with silicon and ferrosilicon 
showed type D and E graphite at the surface and a 
tendency towards type E in the interior of the bar. 

During the experiments with calcium and calcium- 
silicon, it was observed that calcium was effective in 
decarburizing the melts. For example, an addition of 
1.00 per cent of calcium to an iron of approximately 
3.00 per cent of carbon reduced the carbon content of 
the iron by 0.24 per cent C. This suggested the for- 
mation of insoluble calcium carbide. Examination of 
the ladles in which calcium, or large amounts of cal- 
cium-silicon additions were made showed them to be 
coated with a layer of powdered calcium carbide 
after cooling. 

The formation of the carbide indicates the possi- 
bility of a theory for an inoculation mechanism based 
on nucleation of eutectic solidification by calcium car- 
bide. As additional evidence for a nucleation theory, 
it was found that ladle treatment with calcium 
reduced the eutectic cell size. A tendency for calcium 
additions to effect a small reduction in the sulfur 
content was also observed. This reduction amounted 
to approximately 0.01 per cent in most cases. 


Aluminum Additions Effect 


Data for the effect of aluminum additions appear 
in Table 3. Data for the T34 irons are taken from the 
previous report. Data for the L25 irons are new, and 
were obtained for the purpose of determining the ef- 
fect of small additions of aluminum. The amounts of 
aluminum employed are given in the table. 

These results indicate that aluminum additions of 
the range investigated are ineffective in improving 
mechanical properties. In general, the aluminum 
produced little alteration in the microstructure either 
in the matrix or graphite distribution. In the case of 
one heat of arc furnace iron treated with 0.55 per 
cent aluminum, a greater tendency towards type E 
graphite was observed in the center of the aluminum 
treated bar as compared with the corresponding blank 
which tended more towards type D. However this was 
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TABLE 3— ALUMINUM ADDITIONS 

















Trans., Deflec., Res. Chill, 
Iron Furnace Addition Ib in. in./lb o-in. Units C,% Si,% Mn,% r.% S,% 
L25-1 Arc 0.02%, Aluminum 2357 0.196 231 16-32 2.84 2.29 0.74 0.141 0.061 
L25-2 Arc Blank 2340 0.200 234 16-32 2.84 2.29 0.74 0.141 0.061 
L25-3 Arc 0.03%, Aluminum 2175 0.175 191 18-33 2.84 2.31 0.74 0.141 0.062 
L25-4 Arc Blank 2332 0.200 233 18-33 2.82 2.33 0.74 0.141 0.061) 
T34-2A = Arc 0.07%, Aluminum 2465 0.211 260 11-30 2.84 2.28 0.84 0.122 0.062 
T34-2B = Arc Blank 2455 0.212 258 14-23 2.82 2.31 0.84 0.122 0.061 
T34-1A = Arc 0.50% Aluminum 2450 0.194 238 2-8 2.82 2.26 0.82 0.117 0.064 
T34-1B_— Arc Blank 2478 0.212 260 8-31 2.84 2.33 0.86 0.122 0.064 
TABLE 4— GRAPHITE ADDITIONS 
Cc. % Trans., Deflec., Res. Chill, 
Iron Furnace Addition Increase Ib in. in./lb %-in. Units C,% 3.% Ma,% P,% s,.% 
L4T Arc 0.47%, Graphite 0.29 3140 0.325 507 4-8 2.83 2.20 0.84 0.175 0.062 
L7B Arc Blank 2240 0.165 185 15-56 2.80 2.24 0.81 0.133 0.069 
L5T Arc 0.47% Graphite 0.22 2925 0.306 447 4-10 2.87 2.22 0.82 0.166 0.064 
L8B Arc Blank 2375 0.198 235 16-44 2.92 2.19 0.80 0.164 0.062 





exceptional. Large additions of aluminum produced 
a marked reduction in chilling tendency. It is appar- 
ent that a reduction of chilling tendency can be pro- 
duced without the alteration of the graphite structure 
to type A from the abnormal structure of the un- 
treated irons. ’ 


Graphite as an Addition Agent 

Graphite has been extensively advertised and em- 
ployed as an inoculant for gray iron. However, the 
data regarding the relative effectiveness of graphite 
are limited. Experiments to determine the effect of 
late addition of graphite on the mechanical proper- 
ties and solidification were undertaken in this re- 
search in order to relate the effect of graphite addi- 
tions to the other elements employed. 

A commercial grade of graphite especially pre- 
pared for ladle additions was used. This graphite was 
20 mesh and down. The graphite was added to the 
ladle during tapping. Not all of the graphite added 
dissolved prior to pouring, and the iron was poured 
from under the excess graphite. 

Table 4 gives data for two graphite treated heats 
and the corresponding blank heats. The amount of 
graphite added in both cases was 0.47 per cent. The 
carbon pick up was 0.29 per cent in one case and 
0.22 per cent in the other. All heats were induction 
melted as described under experimental procedure. 

These data show that graphite additions are effec- 
tive in improving mechanical properties and reduc- 
ing chill. Examination of the microstructures of 
treated and untreated irons showed a marked im- 
provement of graphite distribution resulting from the 
addition. In the untreated irons, the distribution was 
pronouncedly type D at both the surface and center 
of the cross-section of the 1.2 in. bar. In the treated 
irons, the distribution at center and surface was type 
A with a tendency towards type E, particularly at the 
surface. Cell size determination disclosed a reduction 
in cell size resulting from the graphite addition com- 

‘ parable to the reduction effected by additions of cal- 
cium and calcium silicon. 


Additions on the Eutectic Temperature Influence 

A considerable amount of attention has been de- 
voted by several investigators to the influence of ad- 
dition agents on the degree of undercooling and the 
temperature of eutectic solidification of cast iron. It 
has been generally agreed that inoculation involves a 
nucleation of eutectic solidification, and that inocu- 
lation is accompanied by an elevation of the eutectic 
temperature. The results of various investigations 
have substantiated this conclusion. The work of J. T. 
Eash? on the effect of inoculation with ferrosilicon 
on the eutectic temperature has received particular 
attention. 

Eash poured inoculated and uninoculated irons 
ranging from 1.74 per cent to 2.37 per cent C into 
3 in. section castings with a thermocouple located at 
the center of the section. Time-temperature curves, 
plotted for corresponding pairs of treated and un- 
treated irons, showed an elevation of the eutectic 
temperature by the ladle treatment ranging from 36 
to 70 F. Eash also performed quenching experiments 
on untreated irons in which he quenched castings of 
1.2 in. section from 16 F below the eutectic tempera- 
ture, and found the iron to be entirely white and 
free of graphite. 

Since the untreated irons were gray with type D 
graphite when cooled normally to room temperature, 
it was concluded that untreated or abnormal iron 
solidified as white iron, and that type D graphite then 
formed from decomposition of cementite in the solid 
state. The idea that inoculation involved a nuclea- 
tion accompanied by an elevation of the eutectic 
temperature has been generally accepted. However, 
the manner of origin of type D graphite has re- 
mained a controversial matter. 

In view of the importance attached to the elevation 
of the eutectic temperature, experiments were under- 
taken in this research to determine the effect of the 
elements silicon, calcium, aluminum and carbon in 
the form of graphite on the temperature of eutectic 
freezing. Previous investigations have employed com- 








plex alloys as additives, and it was hoped that the 
determination of the effect of the several elements 
would throw some additional light on the problem 
of the mechanism of inoculation. 


Procedure 

In these experiments two castings were employed. 
One was a 1.2 in. diameter bar 5 in. long. The other 
was a wedge shaped casting with a one in. by 2 in. rec- 
tangular cross-section tapering to 14-in. by 2 in. at the 
reduced end. The length of this casting was 5 in. The 
wedge shaped casting was employed to facilitate some 
quenching experiments to be described later. All cast- 
ings in these experiments were poured in open, dry 
sand core molds. 

The thermocouples employed in these determina- 
tions were of 22 gage, chromel-alumel wire. The wire 
was protected by porcelain insulators and fused 
quartz tubes. The tip of the couple protruded from 
the protection tube and was coated with a thin wash 
of alundum cement. Time temperature curves were 
recorded automatically using a high speed, electronic 
recording device. 

The thermocouple was positioned in the 1.2 in. 
diameter cylindrical mold at the midpoint of the 
length of the bar, and extending into the mold a dis- 
tance of %,-in. The couple was positioned in this 
manner near the surface of the casting, because of 
the greater amount of undercooling to be expected 
at the surface and because the graphite exhibits a 
greater tendency towards the highly abnormal near 
the surface of the casting. This position differed from 
that of Eash where the couples were located in the 
center of the casting section. The couples for the 
wedge-shaped molds were also extended into the 
molds a distance of *4,-in., and a distance of one in. 
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from the heavy end of the casting. Pouring temper- 
ature in every case was 2650 F. 


Results 


Results for the eutectic temperature determina- 
tions are summarized in Table 5. Figures for two irons 
are reported in each case; one for the treated iron 
and the other for one of several blank irons. The 
blank iron selected for each pair was the one most 
nearly approaching the treated iron in composition. 
The corresponding irons are grouped in pairs in the 
table for comparison. The addition made to the 
treated iron is listed in the second column. In the case 
of graphite, the amount of the addition is the amount 
added to the ladle. The amount dissolved by the iron 
averaged about 50 per cent of the addition. 

The third column lists the temperature for the 
start of eutectic solidification as determined from the 
strip chart of the recorder. The difference between 
the temperature for each treated iron and its corre- 
sponding blank is listed in the fourth column. This 
difference is the significant figure, and represents the 
amount of elevation of the eutectic temperature re- 
sulting from the addition. The remaining columns 
give the compositions of the irons and identify the 
casting as the cylinder or wedge previously described. 

Figure | shows time-temperature curves for repre- 
sentative irons. These curves were obtained by trans- 
posing from the strip chart of the electronic recorder, 
and are presented in an effort to illustrate the gen- 
eral form of the curves. It will be noted that the 
curves for B-] and B-2, which are blank or untreated 
irons, show an undercooling dip. The figures in the 
table showing the difference in eutectic temperatures 
are for the start of eutectic solidification, and there- 


TABLE 5— ADDITIONS EFFECT ON EUTECTIC TEMPERATURE 








Temp. at 
start of 
Iron No. Addition, % Eutectic, F Increase,F C,% Si, % Mn, % P,.% $,% Casting 
T55 0.55 Si as pure silicon 1980 10 2.83 2.05 0.90 0.131 0.058 Cylinder 
T46 Blank 1970 2.84 2.08 0.91 0.164 0.068 Cylinder 
L21 0.55 Si as pure silicon 2025 5 2.90 2.49 0.88 0.135 0.066 Wedge 
L19 Blank 2020 2.92 2.46 0.91 0.117 0.067 Wedge 
148 1.00 Ca 2057 87 2.82 2.19 0.93 0.144 0.056 Cylinder 
145 Blank 1970 2.80 2.22 0.94 0.144 0.064 Cylinder 
r49 1.00 Ca 2038 70 2.84 2.16 0.97 0.146 0.055 Cylinder 
T47 Blank 1968 2.83 2.16 0.92 0.147 0.065 Cylinder 
153 1.00 Ca 2080 75 2.78 2.20 0.95 0.149 0.058 Wedge 
T54 Blank 2005 2.78 2.26 0.90 0.149 0.067 Wedge 
r5l 0.60 Al 2040 70 2.84 2.10 0.87 0.154 0.068 Cylinder 
146 Blank 1970 2.84 2.08 0.91 0.164 0.068 Cylinder 
150 0.60 Al 2011 43 2.83 2.17 0.93 0.148 0.067 Cylinder 
147 Blank 1968 2.83 2.16 0.92 0.147 0.065 Cylinder 
L4 0.50 Graphite 2020 52 2.83 2.20 0.84 0.175 0.062 Cylinder 
147 Blank 1968 2.83 2.16 0.92 0.147 0.065 Cylinder 
L5 0.50 Graphite 2045 77 2.87 2.22 0.82 0.166 0.064 Cylinder 
[47 Blank 1968 2.83 2.16 0.92 0.147 0.065 Cylinder 
L9 0.50 Graphite 2037 59 2.85 2.36 0.81 0.162 0.050 Cylinder 
L10 Blank 1978 2.82 2.39 0.82 0.148 0.062 Cylinder 
L18 0.50 Graphite 2075 55 2.91 2.40 0.88 0.140 0.067 Wedge 
L19 Blank 2020 2.92 2.46 0.91 0.117 0.067 Wedge 
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Fig. 1— Comparison of typical cooling curves from cylindrical specimens. B-1 — blank heat, not inoculated; 
B-2 — blank heat, second series, not inoculated; A— inoculated with 0.6 per cent aluminum; C — inoculated with 
1.0 per cent calcium; G — inoculated with 0.5 per cent fine graphite; S — inoculated with 0.55 per cent silicon. 


fore include the difference introduced by this marked 
undercooling. 

The elevation of temperature resulting from the 
addition of pure calcium was large, and for the three 
determinations ran 87, 70 and 75F. Four curves for 
graphite were plotted and showed elevations of 52, 
77, 59 and 55 F. Two determinations were made for 
the element silicon, and these curves exhibited ele- 
vations of 5 and 10 F. The amount of elevation pro- 
duced by silicon additions in these experiments is a 
small fraction of that produced by the effective inocu- 
lants, calcium and graphite, and may be within the 
limit of experimental error. 


Aluminum Additions 

Two determinations were made for additions of 
aluminum. The amount of aluminum added was 
0.60 per cent in both cases. The increase in eutectic 
temperature was 70 F for the first curve and 43 F for 
the second. This effectiveness of aluminum was sur- 
prising in view of the fact that aluminum additions 
produced no improvement of mechanical properties, 
and only a small and uncertain effect on the micro- 
structure. 

In these experiments the variation between dupli- 
cate determinations is large. Variations of a similar 
magnitude were obtained by Eash.? These variations 
may be a result of differences in the amounts of car- 
bon, calcium or aluminum picked up by the molten 
iron, or to the critical conditions existing near the 
surface of the casting in the early stage of solidifica- 
tion. 

That calcium and graphite, which are effective in- 
oculants in the sense of improving graphite distribu- 
tion, should elevate the eutectic temperature is in 
accordance with the accepted view that inoculation 
is a matter of nucleation of the eutectic cell forma- 
tion accompanied by prevention undercooling and 


the promotion of type A graphite formation. How- 
ever, the peculiar behavior of aluminum, which ele- 
vates the eutectic temperature without producing an 
improvement of properties and without producing 
type A graphite near the surface of the casting, makes 
it difficult to accept this simple explanation. Since 
aluminum, graphite and calcium are all effective in 
decreasing chilling tendency, it appears that there is 
a better correlation between nucleation, degree of 
undercooling and chilling tendency than between de- 
gree of undercooling and the formation of type A 
graphite. 


Nucleation of Solidification and Transformation 


During the course of the investigation to determine 
the influence of the addition agents on the eutectic 
temperature, a number of the wedge shaped castings 
previously déscribed were quenched at the point on 
the time-temperature curve which indicated the start 
of eutectic solidification. This was done for the pur- 
pose of determining the state of solidification at this 
point on the curve, and in the hope that the transfor- 
mation would be arrested in such a way by the accel- 
erated cooling that effects of the various additives on 
the eutectic solidification would be revealed. 

The quenching was accomplished by pouring the 
core sand mold for the wedge shaped casting over a 
water quench tank. At the proper moment during 
solidification, as indicated by the recording instru- 
ment, the mold was broken open and the partially so- 
lidified casting dropped into the quenching bath. 
After quenching, the castings were sectioned near the 
point where the thermocouple entered the iron and 
the sections were polished and etched with nital for 
the purpose of examining the microstructure and the 
macrostructure. The results of these experiments are 
presented in Figs. 2 to 8. 

Figure 2 shows (left to right) the macrostructure 








of Iron L21, treated with 0.55 per cent pure silicon; 
iron T53-1, treated with 1.00 per cent calcium metal; 
and Iron T54-1, a blank or untreated iron. The round 
dark areas in the macrostructures of the silicon 
treated iron and the blank iron were revealed by the 
microscope to contain graphite, and to be centers of 
solidification and transformation of the eutectic in a 
background of primary dendrites. The area between 
the dendrites and the cells was in some places lede- 
burite and in others quench ledeburite, indicating 
that the quench had been at least partially successful 
in arresting solidification. 

Examination of the microstructure of the calcium 
treated iron showed the numerous and small dark 
areas of the macrostructure to be eutectic solidifica- 
tion or transformation cells containing graphite. The 
large number of cells in the calcium treated iron, as 
compared with the silicon treated and the blank 
iron, indicates that calcium additions influence the 
degree of nucleation of the eutectic solidification 
either by providing nuclei or by activating already 
existing nuclei through an influence or interfacial 
energy. The similarity of the macrostructures of the 
silicon treated and the blank iron provides additional 
evidence that late additions of silicon are not effec- 
tive in the case of hypoeutectic cast irons. 


Nuclei Effect 

It is evident that the size and rate of growth of the 
cells at a given time and for a given rate of heat ex- 
traction are functions of the number of nuclei. The 
extremely large size of the cells shown in these struc- 


Fig. 2 — Macrostructures of irons quenched at start of eutec- 
tic solidification. Left to right — iron L21, treated with 0.55 
per cent pure silicon; iron T53-1, treated with 1.00 per cent 
calcium metal; iron T54-1, blank or untreated iron. Note 
large number and small size of transformation cells in cal- 
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tures must be attributed to a certain balance between 
growth rate and nucleation rate brought about by the 
accelerated cooling produced by the quench. Such 
extremely large cells are not found in irons solidified 
in the normal manner. 

Examination of the microstructure of the small 
cells of the calcium treated and quenched specimens 
disclosed the presence of large graphite flakes of the 
A type in the center of the cells in a background of 
tempered martensite and retained austenite. Figure 3 
shows one of these cells with several light gray, graph- 
ite flakes in the center of the picture at 500X. The 
photomicrograph also shows some extremely fine 
graphite at the periphery of the cell, presumably 
formed during the quench since this type of graphite 
is not found in the normally cooled irons. 

The transformation cells appear dark in the macro- 
structures because of the presence of graphite, and of 
the absence of massive cementite. The amount of re- 
tained austenite is also less in the vicinity of the 
graphite flakes. The large cells in the untreated and 
the silicon treated irons were found to contain graph- 
ite flakes, varying in size and distribution with a 
strong tendency towards types D and E, as opposed 
to the type A flakes in the centers of the cells of the 
calcium iron. The cracks and other defects showing 
in the macrographs are a result of quenching in the 
partially liquid condition. 

Figure 4 shows macrographs of L19 (left) a blank 
or untreated iron, and of L18, treated with 0.50 per 
cent graphite in the ladle (right). Iron L19 has the 
large cells that were typical of all of the untreated 
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cium treated iron as compared with silicon treated and blank 
irons. Similarity of silicon treated and blank iron indicates 
lack of nucleating effect of late additions of silicon. Magni- 
fication approximately 2 X. Nital etch. 
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irons examined in this manner. The graphite treated 
iron exhibits a large number of small cells, indicat- 
ing a nucleating effect in keeping with the influence 
of the graphite addition on the microstructure and 
properties of the iron. Examination of the individual 
cells of Iron L18 showed them to contain large flakes 
tending towards the type A distribution. 

Figure 5 shows the microstructure of an individual 
cell at 100 X, and displays a cluster of type A flakes in 
martensite with a ring of fine graphite, apparently 
formed during the quench. The balance of the struc- 
ture is primary dendrites and quench ledeburite. 

Figure 6 pictures the macrostructures of Iron L27- 
3, treated with 0.50 per cent aluminum (left) and of 
the corresponding blank iron from the same heat 
(right). The aluminum treated sample shows many 
small centers, and indicates that aluminum additions 


Fig. 4— Macrostructures of irons quenched at 
start of eutectic solidification. Left— iron L19 
blank or untreated iron; right — iron L18 treated 
with 0.50 per cent graphite in ladle. Note large 
number of dark transformation centers produced 
by the graphite addition as compared with the 
small number of large centers in the untreated 
iron. Magnification approximately 2 X. Nital etch. 


Fig. 3— Microstructure of transformation center o0{ 
iron T53-1 treated with 1.00 per cent calcium and 
quenched at start of eutectic solidification. Type A 
graphite flakes are developing at the center, surrounded 
by extremely fine graphite presumably formed during 
the quench. 500 X. Nital etch. 


are effective in some way in influencing the nuclea- 
tion of the eutectic transformation when the rate of 
cooling is accelerated. This result was surprising in 
view of the inability of the aluminum addition to 
produce type A graphite at the surface of the casting, 
and the failure of the aluminum additions to bring 
about an appreciable alteration of transverse prop- 
erties. 


Microexamination 

Examination of the microstructure of the individ- 
ual cells of the aluminum iron revealed them as con- 
taining extremely fine graphite with a pronounced 
interdendritic distribution. The photomicrograph of 
Fig. 7 shows a number of these cells with a typical 
cell at the center of the picture. Note the fine graph- 
ite, which is only partly resolved at 100 X, and is only 











Fig. 5— Microstructure of transformation center of 
iron L18 treated with 0.50 per cent graphite in the 
ladle and quenched at the start of the eutectic solidifi- 
cation. Type A graphite is in martensite at the center, 
surrounded by extremely fine graphite at the periphery. 
Balance of the structure is primary dendrites and 
quench ledeburite. 100 X. Nital etch. 





Fig. 7 — Microstructure of transformation center of 
iron L27-3 treated in the ladle with 0.50 per cent alu- 
minum and quenched at start of eutectic solidification. 
Note interdendritic distribution of extremely fine graph- 
ite and absence of type A graphite. 100 X. Nital etch. 
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Fig. 6— Macrostructures of irons quenched at 
start of eutectic solidification. Left — iron L27-3 
treated with 0.50 per cent aluminum; right — cor- 
responding blank or untreated iron from same 
heat. Note large number and small size of dark 
transformation centers in the aluminum iron as 
compared with blank iron. Magnification approxi- 
mately 2 X. Nital etch. 
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partly retained. The balance of the structure is made 
up of primary dendrites and quench ledeburite. 

From these results for aluminum additions, it 
would appear that it is possible for an additive to 
nucleate the eutectic solidification and elevate the 
eutectic temperature without producing type A 
graphite in zones where there is accelerated cooling 
such as exists at the surface of a casting. It is also in- 
dicated that a certain type of nucleation is essential to 
the formation of large, random flakes. Various inves- 
tigators have argued that large flakes result from the 
slow cellular growth, which takes place when the 
cells are numerous as a result of a nucleation. The 
solidification behavior of the aluminum irons makes 
it difficult to accept this explanation without reser- 
vation. 

Figure 8 is a picture of the fractures of chill blocks 
for Iron L27-3 (left) and Iron L274 (right). Iron 
L27-4 was treated with 0.50 per cent aluminum, and 
Iron L27-3 is the corresponding blank from the same 
heat. The marked influence of aluminum in reduc- 
ing chill is evident. The extensive mottled zone of 
the untreated irons is typical of all the untreated 
irons of this investigation. The large and numerous 
islands of gray fracture in the mottled zone appear 
to be correlated with the large transformation cells 
of the quenched irons. 

It is suggested that the extent and character of the 
mottled zone of the chill block may serve as a measure 
of the degree of nucleation of the eutectic solidifica- 
tion. ‘It also appears that the correlation between the 
degree of nucleation and chill depth is better than 
the correlation between the degree of nucleation and 
the graphite distribution. It is indicated that the de- 
gree of nucleation of graphite formation may be a 
more important factor in determining chill depth 
than is an inherent stability of the carbide phase. 


SUMMARY AND CONCLUSIONS 


The conclusions are based on experiments with hy- 
poeutectic, induction and indirect arc furnace high 
strength irons. These irons were selected because of 


Fig. 8 — Chill block fractures showing influence of 
aluminum addition on chilling tendency. Left — iron 
L27-3, the blank or untreated iron; right — iron L27-4 
treated with 0.50 per cent aluminum. 


their tendency towards unfavorable graphite distribu 
tions, and because of their sensitivity to late addi 
tions. This is presented as a progress report, and the 
authors feel that more data are required, particularly 
in the case of aluminum treatment, before final con- 
clusions about some of the additions are justified. 

Specific conclusions and observations from this re 
port are: 

Late additions of pure silicon to hypoeutectic cast 
irons were not effective in altering the properties or 
microstructure in a favorable manner. Late additions 
of silicon to hypoeutectic irons did not elevate the 
eutectic temperature appreciably as compared to the 
other elements investigated, and did not nucleate the 
solidification of the eutectic liquid. Late additions of 
silicon did not bring about an appreciable reduction 
of chilling tendency when treated and untreated irons 
were melted to the same final composition. 

Late additions of metallic calcium produced a 
marked improvement in graphite distribution and 
mechanical properties of hypoeutectic gray cast iron. 
Calcium, and high calcium-silicon alloys were the 
most effective inoculants for cast iron investigated in 
this research. Calcium was effective in reducing the 
chilling tendency. Calcium was the most effective ele- 
ment in elevating the eutectic temperature, and was 
effective in nucleating the solidification of the eu- 
tectic. 

Ladle additions of graphite produced an improve- 
ment in mechanical properties and in graphite dis- 
tribution. The addition of graphite effected a 
marked reduction of chilling tendency when the 
graphite treated irons and the untreated irons for 
comparison were melted to the same final composi- 
tion. Graphite additions were effective in elevating 
the eutectic temperature. Graphite additions were ef- 
fective in nucleating the eutectic solidification. 

Late additions of aluminum were not effective in 
improving the transverse properties of hypoeutectic 
gray cast iron. Aluminum additions did not produce 
type A graphite in the rapidly cooled zone adjacent 
to the surface of the 1.2 in. standard transverse bar. 
Aluminum additions were effective in reducing chill- 
ing tendency. Aluminum additions elevated the tem- 
perature of eutectic solidification, and were effective 
in increasing the number of centers of eutectic solidi- 
fication. 
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ALUMINUM ALLOY DIE CASTING 


Outline of British practice 


ABSTRACT 


The authors draw comparisons between the different 
trends in Britain and the United States with regard to 
the use of the gravity and pressure die casting 
processes. The predominance of the pressure process 
in the U.S.A., and of the gravity method in Britain is 
noted, and some of the underlying reasons for this are 
described. The factors influencing the choice of each 
method in Britain, including costs, surface finish and 
dimensional accuracy, are illustrated. 

Current British pressure die casting practice with re- 
gard to machines, die design and manufacture and 
alloys used, are described. 

Current gravity die casting methods are reviewed, 
including means for improving the rate of output by 
a) mechanization, b) increasing yield per casting, c) 
use of multi-impression dies and d) economic use of 
solidification dwell time, are discussed. 

The British alloys used in the gravity process are 
reviewed, and modern methods of metallurgical and 
foundry control and future development trend, are 
mentioned. 


INTRODUCTION 

In Britain, foundry terminology is slightly different 
to that in current use in the U.S.A. We use the term 
“die casting” as an overall description embracing both 
pressure and gravity die casting. You refer to the latter 
as “permanent mold” casting, and pressure die casting 
simply “die casting.” It is the authors’ intention, 
therefore, to deal to some extent with both of the die 
casting processes being used in Britain. 


FACTORS INFLUENCING CHOICE OF 
PRESSURE OR GRAVITY DIE 
CASTING PROCESS 


Economic Considerations 

Figures 1 and 2 show the tonnage figures for total 
casting production of Britain compared with the 
U.S.A. for sand, gravity and pressure die castings for 
the years 1949 to 1957. 

Several interesting points are noted. Total annual 
production shows the same increasing trend in both 
countries. In the United States, pressure die casting 
represents a substantial part of the total production 
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throughout, and indeed from 1954 onwards, became 
the largest producing method. 

In Britain, by contrast, however, the major produc- 
tion method has been gravity die casting by a substan- 
tial margin, in spite of a significant increase in pres- 
sure die casting. 

The authors do not intend to deal to any extent 
with the reasons for these differences, but the figures 
do tend to throw more light on the following points: 


1) In Britain some castings which would in America 
be regarded as naturals for pressure die casting, 
are, in fact, designed for and produced by the 
gravity method. 

2) Nearly half of the total casting production in 
Britain goes into the automotive industries, a pre- 
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Fig. 1— Comparison between yearly production of 
aluminum gravity, pressure and sand castings in Britain. 
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dominant amount of these being produced by the 
gravity method. The main reasons for this are 
economic 


The deciding factor when choosing between a grav- 
ity or pressure die casting for incorporation in a 
salable commodity, providing all functional require- 
ments are satisfied, is cost. 

Pressure die casting cannot be justified unless the 
“call off potential” is large enough to permit satis- 
factory amortization of the extremely high cost of dies, 
and capital equipment when compared with the grav- 
ity process. 

The great difference between “call off potential” in 
the U.S.A. and in Britain is reflected in the figures 
for total casting production in Figs. | and 2. This is 
probably the fundamental reason for the difference in 
design outlook and in process usage. 


Surface Finish 

One of the main reasons for choosing the pressure 
die casting process for the production of a given cast- 
ing is the desire for good surface finish, consistent 
with’ the economic and functional considerations. 
The surface finish on pressure die castings is superior 
to that which can be obtained by gravity die casting. 

In fairness, however, it should be added that with 
gravity die castings using the latest techniques of care- 
ful die making and foundry control, good surface 
finish can be obtained which is adequate for most 
purposes. 

One of the main deterrents to the production of 
good surface finish and exact reproduction of the die 
form of both types of die casting is the air in the die 
which cannot be completely expelled in advance of 
the incoming metal. With modern processes and ma- 


Fig. 2—- Comparison between yearly production of 
aluminum sand, gravity and pressure die castings in the 
United States. 


chines this effect is reduced to an absolute minimum 
but it still constitutes one of the main reasons why the 
evacuation of the die is being regarded as a necessary 
development. 


Dimensional Accuracy 

The dimensional accuracy considered possible 
economically by the pressure die casting process is 
much better than can be obtained from the best 
gravity die casting method. 

In Britain, the dimensional tolerances now gener- 
ally accepted as being economically practicable for the 
pressure process have been published by Z.A.D.C.A.* 
and are summarized: 

Pressure Die Casting Tolerances. For critical 
dimensions, tolerances for dimensions unaffected by 
parting lines or moving die parts are: 





Basic tolerance up to | in. 


Gm Mmenr Gimenmeons. - ... 0c ce ccc edness + 0.003 in. 
Additional tolerance for each 
I hi ei use Fade om kite sa sole + 0.0015 in. 





When the dimensions in a single impression are 
affected by a parting line or a moving die part, an 
additional tolerance is allowed dependent upon the 
“projected area” of the casting. 

Similarly, standards exist for flatness, which allows 
for tolerances of 0.008 in. for casting with maximum 
dimensions of 3 in. diameter or diagonal dimension 
with an additional tolerance of 0.003 in. for each 
additional in. 

Gravity Die Casting Tolerances. For normal eco- 
nomic production general tolerances are + 0.010 in. 
up to 3 in. with an additional tolerance for each addi- 
tional in. 6f + 0.002 in., where unaffected by parting 
line or moving die part. Where a given dimension is 
affected by a moving die part, an additional tolerance 
is allowed of + 0.010 in. 

Tolerances applicable to surfaces formed by Sand, 
CO, or Shell Cores are + 0.015 in. up to 3 in., with 
an additional + 0.002 in. for each additional in. 
Machining allowance is normally 0.025 in. per sur- 
face for pressure and 0.062 in. for gravity. Additional 
allowance due to taper is kept to a minimum to avoid 





’*Engineering Standard for Pressure Die Casting, Zinc Alloy 
Diecasters Assoc., London. 
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ihe necessity for deep penetration below the skin of 
the casting. 


GRAVITY OR PRESSURE? 


The cost of producing say 100,000 of one typical 
gravity die casting will certainly be higher than if the 
pressure method was used. 

With normal gravity processes, although the cost 
of the die is quite low compared with pressure, the 
cost of casting is much higher. 

In Britain, the modern trend with gravity where 
the number of castings required warrants it, is to 
reduce cost per casting by die mechanization to ap- 
proach more nearly that of pressure die cast pro- 
duction. 

The technical limitations which sometimes rule 
against the use of the pressure process, even though 
numerical requirements are satisfied, are: 


a) The need for a wider choice of alloy. 

b) The necessity for heat treatment to develop opti- 
mum mechanical properties. 

c) The need for decorative anodic treatments. 

d) The need for guaranteed internal soundness. 


The pressure die cast design will almost certainly 
weigh less than if produced by gravity method, 
thus indirectly reducing cost. 

It is only by good technical control that castings 
of a reliable nature can be supplied to a differ- 
entiating market. 


CURRENT BRITISH DIE CASTING 
PRACTICE AND PROBLEMS 


The pressure die casting process offers every op- 
portunity for full automation, even to autoladling 
of the metal, although this has not as yet become 
widely used in Britain. Speed of production, how- 
ever, is improved whenever possible by the use of: 


1) Modern equipment and machines with semiauto- 
matic cycling. 

2) Automatic lubrication of; plunger and die face. 

3) Jig trimming, fettling (cleaning) and improved 
handling devices. 

4) Stricter control of the’ casting variables, such as 
metal and die temperatures, etc. 

5) By employing multi-impression dies. 


Pressure Die Casting Machines 


In general, aluminum alloys are cast on cold 
chamber machines which vary from small (about 50 
tons) to large machines of 1200 tons locking capac- 
ity. The types in use include those of practically 
every well known manufacture in the world, while 
some larger foundries build to their own particular 
requirement. 


Most of the machines in the larger foundries are 
to be found within the 75 to 500 ton locking capac- 
ity range. Above 500 ton size machines become 
scarce as size increases. In self-contained machines 
with their own hydraulic pumps, oil is normally 
used as the hydraulic medium with gas bottle ac- 
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cumulators to boost plunger speed. Nonflame oils 
are not yet used to any appreciable extent, and con- 
sequently great care with design, machine installa- 
tion and safety precautions is imperative. 

Water-hydraulic machines are still used extensively, 
usually in groups supplied from a central pumping 
installation with plunger speed boosted by either a 
single large “dead weight” accumulator stationed at 
the pumps, or gas bottle accumulators with each 
machine. 

Machines with vertical injection units are still 
used extensively, especially for brass, but this type 
is becoming less popular due to problems of plunger 
and chamber wear. 


The well known 3-phase injection action has for 
years been considered advantageous for the produc- 
tion of high quality castings under normal condi- 
tions, and high metal pressures of 15,000 to 30,000 
Ib/sq in. are commonly used during the third stage. 
These pressures reduce to microscopic proportions 
any air entrapped in the metal during the second 
stage. 

The die cavity must be filled as quickly as possible 
if the tendency to cold shuts, etc., are to be over- 
come. Prior to the recent developments in the field 
of vacuum pressure die casting, injection speeds have 
been somewhat limited in order to minimize air 
entrapment. Hitherto careful attention to die design, 
especially with regard to gates, vents and overflow 
wells, has been the only way in which die designers 
could cater for high injection speeds. 


Injection Plunger and Chamber Wear 
in Cold Chamber Machines 


The need on modern cold chamber machines in 
Britain is that of overcoming plunger and chamber 
wear and the downtime ensuing from it. Of many 
materials tried nitrided steel is preferred for these 
parts, provided the hardness of the core material is 
sufficient. However, careful optical measurements, 
and study of the relative movements of each ma- 
chine part involved in the injection stroke, has shown 
that most of the problems of plunger and chamber 
wear can be traced back to basic machine design. 


The injection unit must not move out of correct 
relationship with the fixed platen under the appli- 
cation of the high injection forces. The provision 
of a self aligning coupling consisting of a hardened 
hemispherical knuckle joint is not sufficient, since 
this becomes virtually locked in its start position 
under the application of high injection loads. 

Correct axial alignment of plunger and chamber 
is vital, and machine designers should reconsider the 
method of attachment of the injection unit to the 
rear of the fixed platen to ensure positive align- 
ment and the need for self-aligning couplings should 
be obviated. 

One of the major problems on vertical injection 
type machines is that caused by the sprue bush ex- 
panding into the chamber bore. This can be par- 
tially cured by making an expansion allowance, 
but a more effective cure is shown in Fig. 3. A flat 
is machined on the outside of the chamber around 
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Fig. 3—- Method of preventing rapid plunger and 
chamber wear on machines with vertical injection. 


the hole for the sprue bush. The sprue bush is re 
designed to have a stepped shank, and when fitted 
into the machine the stepped shank butts against 
the flat on the side of the chamber and prevents 
the end expanding into the internal bore of the 
chamber. 


Die Design and Manufacture 

For a given type and size of casting, dies designed 
and manufactured in Britain tend to be much small- 
er than those in the U.S.A., because fewer of the 
larger machines are available. The tendency in Brit- 
ain is towards overloading the machine, and large 
dies often have to be carefully tailored to clear the 
tie bars and overhang the edges of the platens. To 
set these large dies on the machine often necessi- 
tates the removal of tie bars. Solid frame machines 
are not, therefore, as popular in Britain as in the 
U.S.A. 

The fixed die half for a typewriter frame is shown 
in Fig. 4 being lowered into position on an 800 ton 
machine, with the top two tie bars retracted to facili- 
tate die setting. Figure 5 shows the die in production 
and the tailoring of the die around the tie bars. 

Wherever possible expensive die steels are only 
used for the impression blocks, which are confined 
in size to provide just sufficient accommodation for 
casting impression, overflow wells and a reasonable 
amount of shut off around the peripheral shape of 
the casting. These impression blocks are housed in 
die blocks of a cheaper steel, which can be mild 
steel or medium alloy steel according to required 
call-off. 

The duplex character of a typical die is indicated 
by the chalk outline in Fig. 6. 

A typical die steel in common use for pressure 
dies for aluminum is of the following composition: 





Mo, % Va, % 
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This type of steel has a good resistance to metal 
erosion and heat checking, with good elevated tem- 


Fig. 4— Die half being lowered into position on ma- 
chines with top tie bars retracted. 








Fig. 5— Typewriter die in production on 800 ton 
machine. 





perature properties and machinability. Heat treat- 
ment is simple with minimum distortion, and die 
parts are normally treated to a hardness of 4248 
Rockwell C. 

Core pin failure is troublesome and not always 
due to carelessness. The above type of die steel, in 
the heat-treated condition is not completely satis- 
factory for this purpose, and a stainless steel of 
nominal composition 13 per cent Cr, 0.18-0.25 per cent 
C, 0.1 per cent Mn and 0.1 per cent Si, has been found 
to give a greater life used in the unhardened condi- 
tion. 

Steels with appreciable tungsten contents are now- 
adays seldom used, except for pressure die casting 
brass. This type of steel is prone to stress corrosion 
cracking and premature die failures have occurred. 

To enable castings with a lower call-off potential 
to be made by reduction in tool costs, a system of 
die design has been evolved, based on the use of 
standardized die impression block housings which ac- 
commodate interchangeable impression blocks. 

The advantage of this system lies in the fact that 
if it is possible to accommodate the design of the 
casting in impression blocks that fit into these stand- 
ard housings, then the tooling charges will only be 
that of the impression blocks plus a simple ejector 
system and not of a complete die. The impression 
blocks are designed so that they can be fitted or 
removed without disturbing the housing on the ma- 
chine. Fig. 7 shows the method of fastening the 
impression blocks in position in a standard housing 
for a 200 ton machine. 


583 





Fig. 6 — Die for gear box end cover illustrating relative 
size of impression blocks. The duplex character of a 
typical die is indicated by the chalk outline. 


For the production of long tube-like castings, which 
require large flanges at one or both ends with flat 
outer faces, a simple method of two-stage core with- 
drawal has been evolved. 

Figures 8 and 9 show a method of incorporating 
a two-stage core withdrawal by the use of an angle 
pin to first pull the long core which forms the bore. 
A side slide, which forms the flat outer face of 
the flange and provides stripping, is held in posi- 
tion to support the flange by a core withdrawal] 
hydraulic cylinder during this operation. After the 





Fig. 7— Exploded view of die employing common 
housing. 
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Fig. 8— Two-stage 
core removal for 
long slender cores. 
Top —die closed; 
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long core is released from the casting, the main side 
slide is drawn and the casting ejected in the normal 
manner. 


PRESSURE DIE CASTING ALLOYS 

As in the United States, there exists in Britain a 
system of national specifications covering accepted 
castings alloys. These are designated B.S.1490 and 
formulated by the British Standards Institution in 
close collaboration with the industry. 

In these specifications, various grades of pure alu- 
minum and aluminum alloy are given numbers pre- 
fixed by the letters LM ranging from | to 24. The 
conditions in which castings in these alloys may be 
obtained are shown by the suffixes: 


As cast’: ES ay fae 5 ess) Pk fd CR EE eee ee ee M 
Solution heat treated ,only ae Per Ae ei 2 | 
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Fig. 9 — Die showing two-stage withdrawal method. 
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The B.S.1490 range of alloys, which find use for 
both die casting processes are shown in Fig. 10, to- 
gether with their nearest American equivalents and 
the casting methods normally used and whether heat 
treatable in gravity die cast form. 

In explanation, it should be pointed out that 
Fig. 10 is only intended to show where direct Ameri- 
can equivalent of alloys used in the U.K. exist. In 
doing so many important American alloys have been 
omitted because they have no real British equivalent. 
It can be seen from this list that although many of 
the alloys are normally used for casting by the gravity 
process, only a few of those shown are normally cast 
by the pressure die casting process. 

A large proportion of both gravity and pressure die 
castings is in a relatively small number of alloys. It 
is not normal British practice to employ more than 
a fairly low temperature stress relieving heat treat- 
ment to pressure die castings which, unlike gravity 
die castings, are always used in the as-cast condition. 


Alloys Containing Silicon 

Manufacturers of aluminum alloy pressure die cast- 
ings prefer the alloys containing silicon at or about 
the eutectic composition since these are well known 
to be among the most fluid. 


Fig. 10 — British specifications and nearest American 
equivalents. It should be pointed out*that many im- 
portant American alloys have been omitted as they 
have no real British equivalent. 
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Fig. 11— Aluminum alloys used for pressure die casting. 


For this reason the most popular alloy is the LM 
2M, composition shown in Fig. 11. The alloy contains, 
in addition to silicon, 1.5 per cent of copper and tol- 
erances for most of the normal impurities which 
arise incidental to the alloys manufactured from sec- 
ondary material. 

It is not normal to degas the molten alloy or to 
modify it for pressure die casting, and no precautions, 
other than ensuring general cleanliness and compo- 
sitional homogeneity, are required. The alloy pos- 
sesses good rigidity, although the corrosion resistance 
and ductility are low. It also machines well. 

When castings, having particularly large areas of 
thin section are required, it is normal to use the LM 
6M type alloy, which has a higher silicoii content 
and a higher fluidity than LM 2M and no intentional 
copper impurity. 

The LM 6 alloy is slightly more difficult to cast; 
and because of its greater purity is more expensive. 
It is not as easy to machine as the copper containing 
version, and relatively hedvy sections appear to be 
more prone to local sinks. 

A further alloy which is pressure die-cast less fre- 
quently is designated LM 5M, and has even better 
cOtrosion resistance with higher mechanical proper- 
ties. LM 5M is fairly difficult to cast and control in 
the foundry, and requires a special melting technique 
similar to that described later for the alloy LM 10W, 
containing 10 per cent of magnesium, and care to 
avoid contamination must be exercised. Although this 
type of alloy in other cast forms is readily anodiz- 
able, producing a clear anodic film, pressure die cast- 
ings are not normally treated in this matter as the 
anodic attack reveals unpleasing surface irregularities. 


Alloy LM 24M 


The alloy LM 24M, which is of American origin, 
is now being used to an increasing extent, being spe- 
cifically developed for the process. It has a lower sili- 
con and higher copper content than the LM 2M al- 
loy, and also possesses high iron and zinc impurities. 

In LM 24M, iron can be regarded more as an al- 
loying element than an impurity, since it gives an 
improved surface finish and eliminates any tendency 
for local welding to the die and results in higher out- 
put rates. 

Two further alloys in the B.S.1490 range, LM 4 
and LM 20, are also pressure die cast periodically. 


LM 4M is described later, while the alloy LM 20M 
is similar to LM 6M with wider impurity limits and, 
therefore, cheaper. 


GRAVITY DIE CASTING 
Due to the high demand for gravity die castings in 
Britain, foundries have concentrated their efforts to- 
wards speeding up and improving the process by a 
careful appraisal of all of the technical and economic 
factors involved. Developments have inciuded: 


a) Increased production rates by means of die mech- 
anization. 

b) Increase in the yield per casting cycie oy reduc- 
tion in remelt ratio and the use of multi-mpression 
dies. 

c) Economic use of solidification dwell time. 


Mechanization 

Whenever the call-off is large enough, the casting 
cycle time is shortened by the application of hydraulic 
or pneumatic methods of die manipulation to re- 
duce manual effort and minimize skill required. 

Most of the mechanization is. simply substitution 
of hydraulic or pneumatic cylinders for the manual 
method of opening and closing die blocks by means 
of racks and pinions, the cylinders being normially 
controlled by the operator using hand or foot oper- 
ated valves. 

This type of mechanization can be seen in, Fig. 12, 
which shows a die mounted on a. standard bench 
which has facilities for varying the height and loca- 
tion of the cylinders to suit various sizes of die. 

Large top cores are guided and actuated by means of 
cylinders supported by superstructure over the die 
reducing manual handling. Power ejection also, facil- 
itates easy removal of castings from the die, Figure 
13 shows an example of such a semi-mechanized_ die 
for producing a washing machine wringer base.. In 
most cases powered die movements are interlocked 
to prevent out of sequence operation which can cause 
die damage. 

Figure 14 shows two pneumatic machines in, oper- 
ation actuating small single impression gravity dies 
produced castings each weighing 14-lb. These partic- : 
ular machines each reproduce, in correct sequence, ! 
what would otherwise require 16 core and die move- 
ments on the part of each operator per cycle, and 





Fig. 12 — Standard bench for use of operating semi- 
mechanized gravity die. 


Fig. 13 — Semi-mechanized gravity die producing 
wringer base for a washing machine. 


Fig. 14—A_ fully automatic die casting machine 
operating on pneumatic principle. 














Fig. 15-—Improved riser efficiency by use of shell 
core riser insulation. 


each have production rates in excess of 100 castings 
hr. 

To remove the human element, and prevent the 
tempo of production remaining subject to the human 
element, electronic and pneumatic timers are used 
extensively to control the solidification dwell and to 
initiate the sequence of other die movements. 

Thermal insulation of the power cylinders from 
the hot parts of the die is essential to prevent dam- 
age to the cylinder packings, and a means for rapid 
uncoupling of die parts from the cylinders, has proved 
necessary to allow re-application of die dressings 
which wear off quickly. 


Increase in the Yield per Casting Cycle 
and Multi-Impression Dies 

Reductions in the number and size of risers are 
possible by the application of progressive feeding 
techniques, whereby the direction of solidification is 
controlled. This is achieved by hastening or delaying 
solidification in various parts of the casting and ris- 
ers. For example, the thickness of the die adjacent 
to a riser can be appreciably increased to provide a 
mass to absorb and hold some of the heat contin- 
ually being put into the die, and this increases the 
riser efficiency. 

The die is considered as a heat exchanger, in which 
the heat content of the metal must be extracted to 
allow solidification to take place. Heat transferred 
from the solidifying casting must either dissipate 
through the die’s exposed radiating surfaces, or be 
conducted away by the application of a cooling me- 
dium. Certain die parts are designed with large mass 
in comparison with radiating surface, their capacity 
for absorbing and holding heat being increased. 

High production rates quickly fill this thermal ca- 
pacity, and the thick part then has a reduced chill- 
ing effect. If the thickness of the die is varied to suit 
the degree of heat retention, a means of controlling 
the progress of solidification is provided. 

Fourier’s Law of Thermal Conductivity explains the 
above approach, i.e., the quantity of heat q trans- 
ferred per hr by conduction through a plane wall of 
4 sq ft, having a given constant conductivity, k is 
given by the equation: 

giskAtn! noe 

L h 
In which L ft is the thickness of the die wall at the 
surfaces of which the temperatures are, respectively, 
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t, and t,, and & is the thermal conductivity of the 
material of the wall expressed in Btu—ft/ft 2-h. 
From the equation it will be seen that the larger 
L becomes the smaller will be q. 

Other methods of increasing riser efficiency are in 
common use, and a brief survey of these serves to il- 
lustrate the initiative expended on this problem, all 
aimed at reducing remelt ratio. One common prac- 
tice, illustrated in Fig. 15, is to have certain strategic 
risers forrmed inside shell core tubes which insulates 
them from die, therefore increasing riser efficiency 
and allowing for their reduction in volume. 


Built-in Die Insulation 

Another method is to build the insulation into the 
die as a permanent feature, by hollowing out the die 
wall directly below the riser. The hollow is then cov- 
ered over with a thin steel plate fastened in position. 
The plate thus, partially insulated from the die by 
the air gap created behind it, forms the impression 
surface for the riser. Other methods are the provi- 
sion of gas burners directly behind the die wall ad- 
jacent to the riser or of heat insulating lagging. 

Conversely, to hasten solidification locally, water 
cooling can be used, especially where heavy sections 
require chilling, since they cannut be adequately fed. 
Water cooling is used particularly in the case of long 
slender cores which cannot readily be removed from 
the die for quenching. As a practical illustration of 
the application of these principles of directional so- 
lidification, the case of the casting shown in Figs. 
16 and 17, made by two entirely different techniques, 
is quoted. 

These two figures illustrate the economies which 
have been obtained by a careful study of the dispo- 
sition of runners and risers, and the thermal aspects 
of the die design. Using the original method shown 
in Fig. 16, the fettled casting weighed 1214-lb, and 
the runners and risers totalled 21 Ib/casting. With 
the same die, modified by the progressive feeding 





Fig. 16 — Original method of risering. 








Fig. 17 — Revised 
method of risering. 


Fig. 18— Mechan- 
ized double im- 
pression die with 
steel inserts. 








technique (shown in Fig. 17) the total remelt weigh 
was reduced to approximately 5 Ib, by using a sing! 
riser positioned over the internal central boss. 
sounder casting and a higher rate of production wa 
obtained using the revised technique, together wit 
a large reduction in fettling costs. 

Air cooling is not as effective a means of cooling a 
water, and is usually employed where an overall r 
duction in general die temperatures is required. Fo 
example, if a given design produces satisfactory qual 
ity castings when operated fairly slowly, a speeding 
up of production can cause the overall die tempera 
ture to increase and poor quality may result. This in 
crease in temperature is offset by the application o! 
air cooling jets directed against the rear of each dix 
block or at specified areas where cooling is required 

The mechanization of the process has facilitated 
the use of multi-impression dies, and of systems 
whereby one operator may work more than one die. 
Figure 18 shows a casting machine producing two 
castings per cycle from a two-impression die. A steel 
tube insert is cast in position, and the method in- 
volves the pouring of both castings simuitaneously 
through a single runner. 


Economic Use of the Solidification-Dwell Time 

The only idle time that is normally available in 
the casting sequence, is the solidification dwell dur- 
ing which the die is at rest. 

By the correct use of a suitable cooling medium 
this solidification dwell time can be kept to an abso- 
lute minimum, but during long solidification dwells 
it may be possible for a much smaller and simpler 
die to be operated alternately by the operator. 

Another method is that of employing a duplex 
mechanized die assembly, as in Fig. 19, in which one 
die is open while the other is closed, and by alter- 
nate operation, time is saved. 

“Shuttle-base” dies, as shown in Fig. 20, are also 
used, which have a sliding base which can be shuttled 
to and fro between one set of die blocks. Mounted 
on this sliding base are two separate location posi- 
tions into which the sand cores or inserts can be 
loaded alternately during the solidification dwell. 


Sand Cores 

The older type of sand core formed by oil binders 
is fast disappearing, and is being replaced by CO, 
and shell cores. Both types can be formed by core 
blowing methods, which are coming into increasing 
use, but the majority of shell cores are still pro- 
duced by the dump box method, illustrated in Fig. 
21. In the latter method the sand mix, which may 
be a dry mix with resin or of the pre-coated type, 
is charged into cylinderical shaped hoppers open at 
one end. 

This hopper is fastened on the cast iron or alu- 
minum core box, which is trunnion mounted and 
maintained at a temperature of 200C (392F). The 
core box, with hopper attached, is rotated through 
180 degrees filling the heated core box with sand. 
To complete the investment, the core box is rocked 
from side to side, and after a suitable time has 
elapsed is emptied of surplus sand by rotating back 














to its original position and the shell core is removed. 

The shell method produces a well defined core 
with a high quality surface finish and quite large 
cores, and fairly complicated assemblies, can be pro- 
duced. 

The main advantage of the shell core is its ex- 
treme lightness, and large cores can be lifted and 
placed into the die with ease. A comparable solid 
core produced by the CO, process would require 
lifting appliances. 


The As-Cast Gravity Die Casting Alloys 


Probably the most popular as-cast alloy for general 
use in gravity die casting is that designated LM 4M 
in the British Standard range of alloys B.S.1490 
(Fig. 22). 

This alloy has become extremely popular since 
World War 2, when it was developed with the aim 
of combining the good machinability and high proof 
stress of the aluminum-copper series of alloys with 
the good foundry characteristics and freedom from 
hot shortness of the aluminum-silicon series and to 
make the maximum use of available wrought alloy 
scrap. 

The good machining characteristics and the reten- 
tion of quite reasonable properties at moderately 
elevated temperatures makes the alloy suitable for 
such applications as motor cycle cylinder heads and 
for many of the manifolds, clutch housings, etc., on 
motor cars, and for many domestic applications. 

Fig. 22 also includes the cheaper alloy, LM 21M, 
basically similar to LM 4M, but with larger per- 
mitted amounts of zinc impurity. Castability is infe- 
rior to LM 4M, and applications for it more restricted. 

The LM 6M alloy, and the cheaper alternative 
LM 20M, are popular for gravity die casting, with 
considerable thin sections. The optimum mechani- 
cal properties are obtained by the use of a sodium 
modification treatment whereby the coarse crystalline 
structure of the as-cast alloy is converted into a fine 





Fig. 21—- Dump box method of shell core 
production. 






Fig. 19— Typical twin die mechanized equipment. 





Fig. 20— Two impression die operating the “shuttle 
base” system. 


grained structure. For best results, care must be ex- 
ercised in the foundry to avoid contamination, par- 
ticularly with iron and to guard against excessive gas. 

The alloy is readily cast by the gravity process, 
but adequate risers must be provided to feed the 
solidifying metal. The alloy has a good name for 
pressure tightness, and this is because any slight 
shrinkage porosity present does not exist in a den- 
dritic form but in the form of unconnected cavities, 
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Fig. 22 — Aluminum alloys used for gravity die casting in as-cast condition. 
the material between the individual holes being intentionally wider compositional limits make it much 


sound. 

As can be seen from Fig. 22, the mechanical prop- 
erties are quite attractive in spite of a fairly low 
0.1 per cent proof stress value. The high ductility 
and good corrosion resistance proves to be an ad- 
vantage for many applications. 


Other Alloys 

As can be seen from Figs. 10 and 22, there are 
several other alloys in which gravity die castings 
are produced. For example, alloy LM 1, although 
possessing rather poor properties, has extremely good 
machinability and good anodizing properties, readily 
castable and cheap. 

The alloy LM 5M is particularly suited for appli- 
cations where a high resistance to corrosion, including 
marine, is required. The alloy requires a special 
foundry treatment because of its fairly high mag- 
nesium content, observing similar precautions to LM 
10W discussed later. 

Substantial quantities of commercial gravity die 
castings for lightly stressed applications are also pro- 
duced in the as-cast cheaper alloy, designated LM 
7M, which is basically similar to R.R.50, but the 


cheaper. In this alloy the magnesium content, on 
which heat treatment depends, is not controlled and 
the alloy is, therefore, only available in the as-cast 
condition. 

LM 18M is mainly restricted to castings for chemi- 
cal plant and for food applications, but possesses 
low strength. 


Heat Treatable Gravity Die Casting Alloys 

The first alloy, LM 23P (Fig. 23) is readily cast- 
able by the gravity process and used for a wide range 
of engine components. The alloy can be particularly 
recommended for applications requiring a relatively 
high rigidity and moderate shock resistance. 

A simple precipitation heat treatment only is needed 
and the alloy retains good mechanical properties up 
to 200 C (392 F). The ability to develop these prop- 
erties without the necessity for a full solution treat- 
ment is considered an advantage for many purposes. 

Alloy LM 4 is also susceptible to improvement by 
heat treatment, provided the magnesium and certain 
other impurities are controlled. If the magnesium con- 
tent is restricted to the range 0.07 to 0.125 per cent 
attractive properties are obtained, but if the mag- 
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Fig. 23 — Aluminum alloys used for gravity die castings in heat treated condition. 
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nesium is allowed to fall below this range proofstress 
tensile strength and Brinell hardness fall off but per- 
centage elongation improves. 

If the magnesium is controlled in the range 0.2-0.3 
per cent, high hardness values of 130 are possible with 
a high proof and tensile strength, and a percentage 
elongation is adequate for most purposes. 

Alloy LM 22M, also in this group, takes advantage 
of the fact that when the magnesium impurity is not 
higher than 0.05 per cent, and the other impurities 
are kept low by good foundry control, the alloy can 
be solution treated to give attractive properties re- 
maining stable. The typical 16 tons/sq in. tensile 
strength and 8 per cent elongation from chill cast 
test bars is attractive despite the rather low 0.1 per 
cent proofstress and Brinell hardness. Castability is 
good, however, and the alloy is often preferred to 
the high strength LM 10W or LM 11WP types, both 
of which exhibit foundry difficulties. 


Other Heat Treatable Alloys 


Two further alloys which are popular and capable 
of producing attractive mechanical properties by the 
process of heat treatment, are LM8P, W and WP and 
LM 9P and WP. They are heat treatable by virtue 
of the presence of magnesium or magnesium sili- 
cide, and careful control of this element is necessary. 
Being readily cast by the gravity die casting process 
with no tendency to hot shortness cracking, these al- 
loys have particularly good corrosion resistance, and 
also have good machinability in the fully heat treated 
condition. 

The LM 9 alloy unlike the alloy LM 8, by reason 
of its higher silicon content, normally requires sodi- 
um modification. For higher strengths and better duc- 
tility the LM 10W type alloy, which contains basi- 
cally about 10 per cent of magnesium, and which is 
dependent for its high tensile properties on a solu- 
tion treatment, must be used. A special foundry tech- 
nique much more akin to that practiced for mag- 
nesium than for aluminum alloys must be used for 
the alloy. 

The molten alloy anodizes rapidly if the surface is 
unprotected, and gas pickup is greatly increased. The 
alloy has a long freezing range and in the design of 
dies changes of section must be gradual to avoid 
shrinkage cracks and draws. Good tapers must be pro- 
vided and heavier section must be well risered. The 
alloy takes longer to solidify than other alloys, and 
removal from the die must be delayed until the cast- 
ings are completely solid. The iron and silicon im- 
purities must be maintained at a low level, and con- 
trol must ensure retention of the correct magnesium 
content. 

The four alloys, LM 12, 13, 14 and 15, which are 
popularly used for cast piston manufacture must be 
mentioned; of these probably the most popular is LM 
13WP. This alloy does not have quite as good me- 
chanical properties at elevated temperature as LM 
14WP, but it preserves good wear resistance and low 
coefficient of thermal expansion and good machin- 
ability make it especially suitable for piston manu- 
facture. 
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The LM 14WP alloy is used for pistons in high 
performance engines. Similar purposes are performed 
by the other two alloys, LM 12 and LM 15, but these 
are not as popular as the former two. Alloy LM 
16WP finds considerable usage producing attractive 
mechanical properties, but not possessing such good 
corrosion resistance. 


MODERN METHODS OF METALLURGICAL 
AND FOUNDRY CONTROL 


For reasons of economics, the degree of control 
will vary according to the process, alloy and end use 
of the casting concerned. 


Chemical Composition 

In the pressure die foundry, the main objects are 
to ensure conformity with compositional limits which, 
with the normal copper-containing aluminum-silicon 
alloys, are normally quite wide, and to ensure that 
the metal is free from serious impurity, hard spot 
inclusion or undesirable segregation effects. With 
gravity die casting, due to the wider range of alloys 
cast and to the end use, including often important 
aircraft usage, the degree of metallurgical control 
can at times be-of necessity stringent. 

Basic alloy development on the alloys used for 
pressure die casting has been somewhat limited per- 
haps, with the exception of the newer pressure die 
casting alloy LM 24M. By the normal process of 
evolving the specifications, however, compositional 
limits are established which are wide enough to en- 
able secondary materials to be abundantly used, but 
not wide enough to allow the characteristics or prop- 
erties of the alloy to be seriously altered by varia- 
tions in composition within those limits. 

It is the view that composition should be checked, 
and steps taken to ensure that all material falls with- 
in these required limits. The properties of nonspecifi- 
cation alloys can always be regarded with suspicion, 
and their use has had undesirable effects. 

The practice of all reputable die casters in Britain 
is to adhere to these standards, and one way in 
which this is achieved is for an individual company 
to set its own internal limits slightly tighter than the 
national specification. Slight accidental variation 
outside the firm’s internal limits therefore may not 
bring material outside national limits. 

The older wet chemical methods of analysis are 
far too slow to ensure effective control nowadays. 


Spectrographic Technique 

Full advantage has been taken of the direct reading 
spectrograph techniques which became available, and 
using this type of equipment, which is far less ex- 
pensive than the full quantometer, has enabled a full 
coverage to be made well within 24 hr. This intro- 
duction of direct reading methods meant that all 
cast material could be checked before any of it had 
received any after treatment. Waste, due to process- 
ing material compositionally unsuitable, is, therefore, 
eliminated. 

Other than giving the required speeding up of the 
analysis process itself, the improved technique has 
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several other beneficial effects. For example, the cost 
of individual analysis is greatly reduced by the fact 
that photographic plate is no longer required. The 
number of individual determinations which an oper- 
ator can perform in a single shifts working is greatly 
increased. Melts outside specification has been re- 
duced to practically nil, and the general composition 
ranges of most of the alloys have been appreciably 
narrowed because of better compositional control. 

The normal procedure in melt control is to watch 
the trend of end product analysis. If this is showing 
a drift in impurity levels towards the maximum, it 
will be “sweetened” by the use of an increased 
amount of purer ingot until the. trend has been 
arrested, or vice versa. 

This procedure has enabled difficult elements in 
certain alloys to be rigidly controlled when required. 
Using this method, for example, it has been possible 
to control magnesium contents to within close limits. 


Tensile Tests 

The second method of controlling the metallurgical 
quality of the product is by the testing of separately 
cast test bars by the tensile test, plus on occasions 
a Brinell hardness test. Minimum values for tensile 
properties have been derived in the evolution of the 
specification, and the test is normally critical enough 
to pick up any adverse metallurgical effects. 

The presence of adequate alloying constituent and 
the presence of excessive amounts of harmful im- 
purities, the presence of detrimental nonmetallic im- 
purities, a measure of the gas content of the metal 
and whether heat treatment has been carried out 
satisfactorily can be determined. 

The procedure requires the casting of three in- 
dividually cast test bars of standard B.S. type to pro- 
duce a single 1 in. diameter cast bar approximately 
7 in. long from which the test piece itself is machined. 
The test pieces are given the same complete thermal 
cycle that the castings receive prior to test. 

With the pressure die casting process, it is particu- 
larly important to check against the existence of hard 
spot inclusions which can form and give machining 
troubles, especially in the case of castings which are 
subjected to a certain amount of drilling or ma- 
chining. There are several forms which these inclu- 
sions take, but they mostly contain hard aluminum 
oxide. 

If molten LM 2 alloy is left standing for long 
periods at low temperature without disturbance, there 
is a tendency for iron and manganese constituents to 
settle out forming heavy sludges. 


Casting Practice Control 

To ensure the establishment of a satisfactory and 
economic casting technique, it is necessary to insti- 
tute both a “‘first off” checking and approved routine 
check. 

Production methods can sometimes drift gradually 
away from the ideal, unless such a routine is carried 
out covering all aspects of casting quality, metal- 
lurgical as well as dimensional, etc. 

The normal technique when such a casting check 
is made is to produce a number of samples from the 


new die. In the case of pressure die castings, th 
die is normally given a short run in the unhardene 
state. This will provide samples for dimensiona! 
checking and approval by the customer. The surface 
finish and internal soundness cannot, however, b 
fully assessed at this stage, but certainly such pr 
liminary checks are of great value. 

It is considered to be a precaution worth taking 
at this stage to subject one or two castings to radio- 
graphical examination, so that their internal quality 
can be fully assessed. The information yielded by 
this type of examination can often be of great valuc 
in altering some feature of the runners, etc., which 
leads to improved casting quality and less overall! 
scrap. 

A new die, whether gravity or pressure, will often 
be operated initially by one of the more skilled opera- 
tives, or by the shop foreman until castings of a 
fully acceptable standard are produced. It is also con- 
sidered worth while to make a card record of the op- 
timum conditions once these have been established, 
and to refer to this each time that die is put into use. 

Occasionally, as and when circumstances require, 
important castings may need to be subjected to a 
much more thorough cut up test and metallurgical 
examination to fully assess their quality and suit- 
ability for specific applications. 

The demand for both gravity and pressure die cast- 
ings is growing rapidly, as is the ever increasing need 
for castings of greater complexity, higher and higher 
quality standards and even greater reliability. Noth- 
ing is more certain than that this industry will in 
the future never rest until such demands are fully 
satisfied. 


FUTURE TRENDS FOR DEVELOPMENT 


With these ends in view it is considered to be 
certain that the coming years will see developments 
taking place even more rapidly than in the past to 
produce the improvements in casting quality and 
economics. To this end it is anticipated that the 
application of vacuum to the die in pressure die 
casting, which we read so much about in the American 
technical press, will become adopted into British 
practice. This may greatly improve general levels of 
quality, and do much to remove or at least minimize 
the limitations still existing today. 

There is a current trend also toward the use of big- 
ger pressure die casting machines for producing the 
large castings which will be the requirement of the 
future. A high degree of mechanizations of all han- 
dling equipment must of necessity follow. 

In the same way we anticipate the adoption of more 
and more mechanization of the gravity process, and 
the general adoption of the principle of autoladling 
which seems likely to become regular practice. 
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SOLIDIFICATION CONDITIONS FOR 
MAXIMUM DENSITY AND MECHANICAL 
PROPERTIES IN 85-5-5-5 CASTINGS 


ABSTRACT 


A major factor affecting the mechanical properties 
and pressure tightness of bronze castings is their sound- 
ness. The data of this investigation indicate that for 
both plate and bar sections poured under a wide variety 
of chilling and risering conditions the chief factor de- 
termining the soundness of a section is the thermal 
gradient during solidification. Although the liquidus- 
solidus interval for 85-5-5-5 is about 220 F, a gradient 
of 60F/in. provides sufficient liquid flow to feed 
shrinkage during solidification. 

It is suggested that the specimen which has been de- 
veloped and which provides a wide range of known 
thermal gradients can be applied to rate other alloys as 
a castability bar. In this way the thermal gradient 
needed to produce sound sections of a given alloy may 
be determined from a single test and the mold design 
can be approached with confidence. 


INTRODUCTION — GENERAL PROBLEM 


The engineer using copper-base castings is chiefly 
concerned with the mechanical properties, including 
pressure tightness, in critical sections of the casting. 
The cast tensile bar serves as an index of melt qual- 
ity, but the actual properties of the casting may lie 
above or far below those of the test bar. The prin- 
cipal factor determining the extent of this vital dif- 
ference between casting and test bar properties is the 
question of soundness. 

It is generally understood that, given good melt- 
ing and molding practices, the soundness will depend 
upon whether the shrinkage taking place during so- 
lidification is adequately fed by liquid metal. While 
risers and chills have been used for generations to 
cope with this shrinkage problem, there is still no 
general quantitative rule for their use in copper-base 
alloys. : 

The purpose of this investigation, therefore, has 
been to develop data leading to a solution of the 
general problem — “Given a casting of a certain de- 
sign, what risering and chilling are necessary to pro- 
vide soundness in specified sections.” As a begin- 
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ning, 85-5-5-5 bronze was chosen because of its indus- 
trial importance. 

In previous reports!.? the techniques of this inves- 
tigation have been described in detail. In the interest 
of conciseness, therefore, the critical experimental de- 
tails have simply been indicated on the respective 
figures and graphs. 


Feeding 2 x 2 x 12 in. Bar 

To illustrate the crux of the problem, the feeding 
of a simple casting, a bar of 2 x 2 in. square cross- 
section and 12 in. long, may be reviewed. One way of 
attempting to obtain a sound casting in this design is 
to riser one end and chill the other, as shown in 
Fig. 1. As a measure of the success of this mold de- 
sign, the leakage rate, the tensile strength and the 
density have been determined at different locations 
along the centerline of the bar. It is evident that 
the tensile strength, density and pressure tightness are 
low not only at the middle stations of the bar, but 
also toward the riser. (Of course, if ia this casting 
only the region near the chilled end were critical, the 
casting would be satisfactory for service.) 

If wedge chills are applied along the sides an im- 
provement in all properties results, as shown in Fig. 2. 
It may seem to this point that only empirical manip- 
ulations of the mold design have been performed. 
However, if the actual conditions of freezing are 
measured by thermocouples in these different designs 
and correlated with the properties, a step toward solv- 
ing the general problem has been made. 

It may be helpful to review the conditions of so- 
lidification which are required for a sound casting. 
The ideal case, neglecting side wall effects, is shown 
in Fig. 3a. The metal begins to freeze at the chilled 
mold wall furthest from the riser, and as it freezes a 
supply of completely liquid metal is available at the 
interface to fill in the liquid-to-solid shrinkage. There 
is really no mushy zone containing liquid + solid, ex- 
cept insofar as the solid dendrites protrude into the 
liquid. 

To carry this ideal case further, it may be assumed 
that the temperatures shown beneath the sketch are 
observed at this stage of freezing. The freezing point 
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Fig. 1— Mechanical properties of 85-5-5-5 test cast- 
ing chilled at end, poured at 2025 F in dry sand. 


then is about 1570 F, since liquid is present at hotter 
points (between the zero and 6 in. stations). 


Temperature Distribution 

85-5-5-5 bronze will begin to freezé upon reach- 
ing 1850 F but will not beconie completely solid until 
1570 F.* If the same temperature distribution as in 
the ideal case is assumed, the structures on the mold 
cavity will be quite different (Fig. 5). Although there 
will still be solid metal extending from the mold wall, 
the rest of the mold will contain a mushy mixture of 
solid crystals plus liquid. In other words, instead of 
100 per cent liquid at the face where final solidifica- 
tion is taking place, the material is practically solid. 

For example at a point | in. closer to the riser from 
this face the temperature is 1580 F. Metal ctystals 
have been forming here since this station reached a 
temperature of 1850F (liquidus). The amount of 
solid is related** to the temperature of the station in 
the solidification range 1850-1570 F. Therefore, it 
would be predicted that the metal is 270/280 x 100 
or over 95 per cent solid for one in. away from the 
final solidification front. It is improbable that all the 
voids forming at the interface can be filled under 
these conditions, and therefore lower density, shrink- 
age and reduced tensile strength are obtained. 

On the other hand if the temperature distribution 
in the mold could be changed to the condition shown 
in Fig. 3c in which the temperature difference over 
one in. would be 220F instead of 10F, the solid 
would probably be sound because of the reduced path 
of travel of the liquid metal and the more open mushy 
zone. 

There are three important points in these ex- 
amples which will be developed further by actual and 
slightly more complex experimental] data: 


“neglecting the effect of Pb. 
**this is not necessarily a linear relation as assumed here. 


Fig. 2— Mechanical properties of 85-5-5-5 test cast- 
ing, chilled at end, poured at 2025 F in dry sand mold 
(heat 35-5). Modification-wedge chills on top, bottom 
and sides. 





Fig. 3 — Top — in the ideal metal freeze begins at the 
chilled wall furthest from the riser and a supply of 
completely liquid metal is available at the interface to 
fill in the liquid-to-solid shrinkage. In 85-5-5-5 bronze 
begins at 1850 F, but it does not become completely 
solid until 1570 F. Solid metal will extend from the 
mold wall, but the rest of the mold will contain a 
mushy mixture of solid plus liquid, i.e. the material 
will be practically solid. 


1) The use of risers and chills produces directional 
solidification, but this is not a guarantee of sound- 
ness. 

The temperature distribution needed to produce 
soundness will vary with different alfoys which 
have shorter or longer freezing ranges. 

The time at which the temperature distribution 
is important at a given station is when final so- 
lidification is taking place at that station. 


Soundness During Solidification 

It is important next to determine the temperature 
distribution needed for soundness during solidifica- 
tion of 85-5-5-5. In the case in Fig. 3c, it was stated 
that if the temperature was 220 F higher one in. away 
from the solid the casting would probably be sound. 
However, there is really no basic quantitative reason 
for this assumption. It is necessary at present to de- 
velop experimental data for each alloy to determine 
the temperature distribution needed for soundness. 

The simple bar casting which was described earlier 
provides exactly this type of information. If fine butt 
welded thermocouples inserted in fused silica protec- 
tion tubes are placed at different centerline stations, 
a continuous record of the temperature distribution 
can be obtained for a given mold design. This can 
then be correlated with the properties of the casting. 

In discussing these temperature records it is nec- 
essary to employ the concept of thermal gradient in 
place of the general term temperature distribution. 

The average foundryman is quite familiar with 
other gradients. For example, in installing a concrete 
floor which is to drain rapidly, the contractor might 
be asked to provide a slope of 6 in. over a 10 ft slab. 
This is a gradient (or slope) of 0.6 in./ft. In similar 
fashion, in the bar shown in Fig. 3a, the temperature 
difference between the ends is 120 F and the gradient 
is therefore 10 F/in. 

If in the case of the concrete floor the slope was 
not even, the overall gradient would not describe the 
condition accurately. Suppose that in the first 5 ft 
across the floor the elevation dropped 6 in. and the 
remaining 5 ft were level. The gradient would be 
\.2 in./ft for the first region and zero for the remain- 
der. Similarly, in the case of the bar casting, it would 
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be expected that the thermal gradients near the riser 
and near the chill will be greater than in the long 
center portion of the bar. 


Thermal Gradient Determination 


The steps in determining the thermal gradient are 
relatively simple. First, the temperature at each 
point in the casting is plotted as a function of time 
(Fig. 4 (Fig. 5 from 1959 paper) ]. The gradient at 
each station will vary with time. At two moments 
there will be no gradient—when the entire casting is 
cold, and when the casting has just been poured, if 
the mold is filled rapidly. The thermal gradient de- 
velops because the end away from the riser transfers 
heat to the mold wall at a greater rate than the 
risered end. 

The time at which the thermal gradient is most im- 
portant in determining the soundness at a given sta- 
tion is when that station is undergoing final solidifi- 
cation. To determine this gradient, the simplest pro- 
cedure is to read the temperature of the nearest sta- 
tion toward the riser and divide by the distance. In 
Fig. 3c the station one in. away is 220F hotter when 
station 9 is solidifying (at 1570 F). The gradient is 
therefore 220 F/in.* 

Figures 1 and 2 show that the difference between 
the two castings is related to the thermal gradient. 
The unsound, low strength region in the center of 
the first bar is accompanied by a low thermal gradi- 
ent, while the second bar has a high gradient in this 
region. 

The data from this one bar go far beyond the ex- 
planation of the properties of this simple casting. 
These empirical data tell the general conditions nec- 


*More strictly the gradient, dT/dx, is the tangent to the 
isochromous temperature distribution curve as explained in 
reference 2 but this is a good approximation. 
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essary to obtain acceptable soundness in castings of 
this type. Note that when the gradient is over 60 F/in. 
during the solidification of a given region it is pres- 
sure tight, high strength and of maximum density. 
This means that it is not necessary to have 100 per 
cent liquid close to a region undergoing final solidifi- 
cation. There is apparently sufficient mobility in the 
mushy region for liquid metal transport when the 
gradient is 60 F/in. or over. 

To verify this theory a melt of 85-5-5-5 was tested 
for fluidity after solidification had begun in the 
crucible. Uniform temperature was maintained by 
gentle induction stirring. It was possible to suck the 
liquid: + solid mixture for several inches into 14-in. 
diameter tubes even when the temperature was 150 F 
below the liquidus (precautions were taken to pre- 
vent supercooling effects). 


Theory Application 
To test the general application of the thermal gra- 
dient theory a variety of bar and plate sections have 
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Fig. 5— Curve for 12 in. bar from heat H42. 
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been cast and tested. These simple shapes were se- 
lected on the premise that even a complex casting 
can be considered as made up of a number of simple 
geometric shapes, and the proper data may then be 
applied. 

The following mold designs have been employed: 





Bars 
A) 2x2x 12in. (dry sand except as noted). 
Modifications: 

1) end chill, riser (standard bar). 
2) unchilled, risered (also unchilled, unrisered). 
3) end chill, variations in riser size. 
4) exothermic risers. 
5) wedge chills at different locations. 

B) Variations in bar length (not cross-section). 
1) 9 in. long end chill. 
2) 9 in. long wedge chill. 
3) 6 in. long end chill. 
4) 6 in. long wedge chill. 
5) 3 in. long no chill. 

C) Variations in bar cross-section (all bars 12 in. long). 
1) 114-in. end chill. 
2) 1 in. end chill. 
3) 34-in. end chill. 
4) Misc. rectangular cross-sections. 


Plates 

A) 6x6x1in. 
1) no chills. 
2) end chills at center of end. 
8) wedge and end chills. 
4) complete wedge and end chills. 
5) contour chills. 

B) 6x6x1in. 
1) no chills. 
2) end chill. 

C) 4x4x1in. 
1) end chill. 

D) 4x4x Y-in. 
1) no chills. 





The data for a number of the specimens listed have 
been described in previous reports. These data are 
not repeated in detail here except where direct com- 
parison with recent data is particularly valuable, Figs. 
5-23. 

In reviewing these results, it will be noted that in 
bar castings of 114-in. cross-section and over, and in 
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Fig. 6— Curve for bar with insulated riser from 
heat H37. 


1 in. plates, a minimum gradient of 60 F/in. is neces- 
sary for pressure tightness. However, a lower gradi- 
ent or no gradient is required in light bar and plate 
sections for pressure tightness. This does not, how- 
ever, mean that these light sections are sound. Leak- 
age is only measurable in the pressure test when con- 
tinuous voids over 0.031 in. long are present through 
the specimen. (The specimen is a 4%,-in. thick plate 
cut horizontally at the centerline of the bar.) When 
solidification is rapid, as in light sections, the shrink- 
age cavities are finer. 

With these qualifications in mind the data of the 
table may be reviewed. 


DISCUSSION 


The data to be discussed may be divided into two 
principal groups—bar sections and plate sections, as 
listed in the Summary (table). 


Bar Sections (Figs. 5-14) 


2x 2x 12 in. bars. In scanning the summary data, 
the importance of chilling and the possibility of com- 
bined chilling and risering effects becomes apparent. 
An unchilled, risered bar exhibits a maximum gra- 
dient of 28F/in. and is unsound at the centerline 
throughout its length. The application of an end 
chill produces a sound region extending over 4 in. 
from the chill. Variations in riser size and the use of 
exothermic risers change the thermal gradient but do 
not raise the gradient enough, and the first 8 in. of 
the bar are still unsound. 

Wedge chills along all sides, combined with the 
end chills, produce satisfactory gradients for a larger 
portion of the bar. It is possible that. a combina- 
tion of exothermic or insulated risers and end chills 
might produce a completely sound bar. The purpose 
of the experiment however was to develop a variety 
of thermal gradients and correlate these with leak 
rate. A partially sound bar is more valuable for this 
objective. 

Variations in Bar Length. If the bar is shortened, 
the temperature difference between the ends obtain- 
able by chilling and risering will still remain the 
same. Therefore, the average gradient will increase, 
and it is simpler to produce a sound bar. End chill- 
ing alone is not sufficient, and the first 5 in. of the 


SUMMARY OF BAR DATA 
(numbers in parentheses are heat nos.) 





Thermal! Gradient 
Pressure Tight at Solidus in 
Region (in. from Pressure Tight 
riser) Regions 





2x 2-x 12 in. bars 


. end chill, riser (stand- 


ard bar) (H36-1) 7.5 in. - 12 in. 60 F/in. 


. unchilled risered (H42- 


1), Fig. 5 none (28 F/in. max.) 
(not sound) 


. end chill, variations in 


riser size; 37% larger 
to 44% smaller 7.5 in. - 12 in. 60 F/in. 


. exothermic risers (H37), 


Fig. 6 7-8 in. - 12 in. 60 F/in. 


. wedge chills at diff. 


locations 0-4, 10-12 70-110 F/in., 
60 F/in. 


Variations in Bar Length 
(not cross-section) 


-9 in. long end chill 


(H51), Fig. 8 ; 65 F/in. 


. 9 in. long, wedge chills, 


Fig. 9 > 60-120 F /in. 


. 6 in. long, end chill 


(H52), Fig. 10 - 65-50 F/in. 


. 6 in. long, wedge chill, 


Fig. 11 0-6 120 F/in. 


-3 in. long no chill 


(H53) , Fig. 7 0-6 8-20 F/in.) 
slight leakage (not sound) 
Variations in Cross-Section 
(12 in. long bars) 


. 1y-in. end chill H56, 


Fig. 12 - 40-120 F/in. 


. 1 in. end chill H56, 


Fig. 13 . 10-120 F/in. 


. ¥%-in. end chill H55, 


Fig. 14 0-12 8-40 F/in. 
slight leak 


. 2x Y%-in. cross-section 0-12 5-40 F/in. 


slight leak 
6x6x1 in. plates 


- no chills (H40), Fig. 


15 0 10-40 F /in. 


. end chills at center of 


end (H45), Fig. 16 3.5 -6 in. 70-140 F/in. 


. wedge and end chills 


(H46) , Fig. 17 0-6 slight 30-140 F/in. 
leak in center 


. complete wedge and 


end chills (H47), Fig. 
18 0-1.5,5 -6 70-120 F/in. 


. contour chills (H50), 


Fig. 19 0 - 2,4.5 -6 60-110 F/in. 
4x 4x1 in. plate 


. end chills (H57), Fig. 


22 0-6 100-280 F/in. 
6x 6x %-in. plates 


. no chills (H58) 0-6 20-110 F/in. 


slight leakage 


end chill (H57), Fig. 


21 0-6 100-150 F/in. 
4x 4x %-in. plate 


. no chills (H45), Fig. 0-6 50-100 F/in. 
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Fig. 14— Curve for %-in. bar from heat H55. 


bar nearer the riser are still unsound. By employing 
wedge chills to distribute the gradient more evenly a 
minimum gradient of 60F/in. is reached, and the 
entire bar is sound. Similar effects are noted for the 
6 in. long bar—even in this case the wedge chills are 
required for complete soundness. 

The 3 in. long bar provides a limiting case. Al- 
though the gradient of 60 F/in. is not attained, only 
slight leakage was noted. It is suspected that the 
nearness of the large high riser to the stubby 3 in. 
section provided pressure effects in driving liquid 
into the bar. Also while the section near the riser was 
unsound in all the longer bars, it must be remem- 
bered that some liquid was drained from this section 
in these cases by the remote sections of the casting. In 
the case of the 3 in. bar, no metal was drawn off and 
all the liquid available from the riser during final so- 
lidification could be used. 

Variations in Cross-Section. As the cross-section de- 
creased from 2 to 34-in., a longer region of the bar was 
pressure tight. At first glance this seems contrary to 
solidification principles because as the cross-section 
narrows it would be expected that the effect of the 
chill would be reduced. Two other points are ap- 
parently more important. The more rapid solidifi- 
cation will produce a finer dispersion of voids since 
the metal crystals will be smaller. Even though the 
total void volume of an unfed region will be the 
same, if the voids are smaller, a 0.031 in. thick pfes- 
sure specimen may be leakproof. 

In the center of the | in. bar, for éxample, a den- 
sity measurement of 8.69 g/cc was obtained compared 
to the value of 8.80-8.85 g/cc for sound material. It 
would be expected that the tensilé strength of this 
region with fine voids would also be lower than for 
sound material. For similar reasons, the 2x %-in. 
cross-section was practically sound despite low ther- 
mal gradients. 


Plate Data (Figs. 15-23) 

6x6x1 in. platés. A one in. plate section is ap- 
proximately comparable in freezing rate to a 2 in. bar 
because of the greater surface to volume ratio of a 
bar. The unchilled plate therefore understandably 


Fig. 15 —6x6x1 in. plate from heat H40. Gas fur- 
nace, dry sand, P-Cu deoxidation, 2025 F pouring 
temperature, virgin material and no chill. 
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shows leakage all along the centerline and a thermal 
gradient of 10-40 F/in., comparable to the bar. End 
chilling produces a region of 2.5 in. of sound metal, 
and a gradient of 70-140 F/in. is noted in the sound 
region. A rather extensive variety of end, wedge and 
contour chills was tried in heats 46, 47 and 50 and 
practically leak-free specimens were obtained. 

Figures 15-19 should be consulted for details since 
the solidification pattern is far more complex in some 
cases than for the bars. It is evident in several in- 
stances that the development of a good gradient by 
chilling one portion led to an inferior gradient in 
other sections. In this case the voids were changed in 
position, not eliminated. For example, the metal near 
any of the lower regions of a flat plate is normally 
sound. However, if chills are placed over the center, 
this region miay solidify before the corners and shut 
off the supply of feed metal to the corners. 

4x4x1 in. plate. When the dimensions of the 
l-in. plate are changed to 4x 4x4 in., a sound casting 
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Fig. 18 —6x6x1 in. plate from heat H47. 

















is obtained simply by end. chilling. This may seem 
unusual because only 2.5 in. of the 6x6 in. plate 
were sound, not 4 in. However, it should be kept in 
mind that the volume has been reduced over two 
times and the feed demand to the sides of the cen- 
terline has been reduced. The gradient throughout the 
plate is well over the minimum, being 100-280 F/in. 


6x6x %-in. and 4x 4x %-in. plates. The 1,-in. 
plates are analogous in some ways to the | in. bar 
sections but show surprisingly high thermal gradi- 
ents. Even without chills these plates are, in the 
main, sound. Although pouring conditions were kept 
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constant throughout all these experiments, the gra- 
dient developed during metal flow would be greater 
in a thin plate than in a heavier casting. The molds 
were tilted uphill away from the riser and rather uni- 
formly colder metal would reach the region farther 
from the riser. It is suggested that the combination of 
the thermal gradient and finer void dispersion led to 
pressure tightness in these cases. 


Other Variables Effects 


To preserve continuity in the foregoing discussion 
no reference was made to other variables which were 
rather extensively investigated before undertaking the 


Fig. 19 —6x6x 1 in. plate from heat H50. 
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work just described. In previous reports!.? the ef- 
fects of pouring temperature, mold material and de- 
oxidation practice received attention. The principal 
effects of these variables are upon the gas content of 
the meta] which of course can lead to voids by an en- 
tirely different mechanism. 
In previqus work it was found that high pouring 
temperatures (2200-2400 F) led to gas porosity, pre- 
sumably because of the longer time for liquid metal- 
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Fig. 22 —4x4x 1 in. plate from heat H57. 
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Fig. 21 —6x6x ¥-in. plate from heat H57. 


mold reaction. This produced dissolved gases which 
precipitated upon freezing. The use of green sand, 
particularly of high moisture content, led to greater 
gas porosity. As would be expected, omission of phos- 
phor copper as a deoxidant also led to porosity. For 
these reasons all of the specimens described in this 
work were crucible melted with an oxidizing flame, 
deoxidized with 20 g. P-Cu per 100 lb metal and 
poured at 2025 F in dry sand molds. 


CONCLUSIONS 

To produce maximum density, strength and pres- 
sure tightness in 85-5-5-5 bronze a thermal gradient 
of 60F/in. is required. This can be obtained by a 
combination of risering and chilling, as illustrated in 
the data. Light sections may be pressure tight with 
lower gradients because of finely dispersed shrinkage 
cavities. 

The 12x2x2 in. casting should provide a gen- 
erally useful test for determining the thermal gradi- 
ent needed for soundness in other alloys. 
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INDUSTRIAL ENGINEERING 
IN THE FOUNDRY INDUSTRY 


A Survey 


ABSTRACT 


The results of a questionnaire sent out to foundries 
regarding incentives are given by the author. The type 
of wage payment plans of various foundries, premium 
earnings, indirect labor operations, control methods, 
and various other items are covered in the results. The 
findings of the questionnaire are presented in chart 
form. Industrial engineering department duties as per- 
formed by the answering plants are also presented. 


INTRODUCTION 


The Industrial Engineering and Cost Committee 
has received numerous letters from foundries, not 
only in the United States but also from foreign coun- 
tries, relating to questions concerning wage incen- 
tives, industrial engineering and costs. 

Most of the questions asked could only be answered 
if one were familiar with the plant, its operations 
and the personnel involved. The committee endeav- 
ors to answer all questions as accurately as possible by 
referring the party to the well known AFS publication 
Time AND Motion Stupy FOR THE Founpry. If the 
question is not covered in the AFS publication, they 
are referred to some company where a like problem 
has been solved. In many cases it is suggested they 
contact some reputable consultant to help them. 

It was the opinion of the committee that a ques- 
tionnaire, sent to all AFS member foundries would, 
when analyzed, possibly answer many questions and 
be of some help to the industry. While it was im- 
possible to include every question that might arise, 
or to get an appreciable amount of detail, it is be- 
lieved that the questionnaire as it was analyzed would 
be of assistance in solving some of the problems. 

The incentive questionnaire received the best re- 
sponse of any which has been sent out by AFS head- 
quarters. There were 377 responses from companies 
finding it possible to reply. The replies came from 
companies in at least six known foreign countries. 


METHOD OF ANALYSIS 
In order to analyze the questionnaires, they were 
first divided into groups according to the number of 
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employees which, of course, indicates the size of the 
plant. As shown on Fig. 1, they were divided into five 
groups, 0 to 50, 51 to 100, 101 to 200, 201 to 300 and 
over 300 employees, with 67, 79, 70, 52 and 109 re- 
sponses, respectively. 

These groups were further analyzed, Fig. 1, to de- 
termine the number of plants within each group 
which classed themselves as mechanized, semi- 
mechanized, production, manual, jobbing or a com- 
bination of one or more of the categories. The captive 
foundries were noted to ascertain if they followed any 
given pattern relating to any of the questions asked. 

It will be noted that the semi-mechanized and job- 
bing shops carry a higher percentage of the total in 
all groups except the largest shops where mechaniza- 
tion appears to be more predominant. It appears that 
the percentage of manual operated plants becomes 
less as the size of the plant increases as do those doing 
jobbing work. 


WAGE PAYMENT COMPARISON 


Comparing the type wage payment with the type 
of operation in Fig. 2, indicates that the day-work 
shop still prevails in the foundry industry, with the 
largest percentage appearing in the largest group 
of over 300 employees. The fact that there are more 
captive plants in this group, with many of them in 
the automotive field, may be part of the reason for 
the larger number of day-work shops. 

The percentage of plants operating on a piece-work 
plan varies little within the groups, with the excep- 
tion of the 100 to 200 employee group, which indi- 
cates 8 to 10 per cent more. 

“Wage Incentive” type of operation has its greatest 
use in the 50 to 100 employee group, with all groups 
except those with over 300 employees showing a lesser 
percentage. This may again be due to the large num- 
ber of the captive foundries found among the larger 
plants. 

“Measured Day Work” is prevalent in but few 
foundries in any of the five groups, which would tend 
to dispel any ideas that this type of wage payment is 
replacing piece work or wage incentives. 

The “Profit Sharing” type of wage payment may 
be found in all categories with the highest percentage 
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Fig. 3— Type of wage payment, 
non-ferrous foundries only. 
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Day Work 


in the 0-50 employee group. A higher percentage 
is perhaps found in this group because of the cost 
of installing, operating and administering a profit 
sharing plan is much less than other plans which 
reward the employee for extra work. 


NON-FERROUS FOUNDRIES 


Since there was a goodly number of non-ferrous 
foundries who responded, Fig. 3 was made to indi- 
cate the type of wage payments prevailing in the 
various groups. As can readily be observed, piece work 
and wage incentives prevail. While piece-work plans 
indicate the highest percentage, many responses in- 
dicated that they are in the process of changing from 
piece work to a wage incentive plan. 

Measured day work and profit sharing plans would 
appear to be not too popular in the non-ferrous 
foundries. 
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Meas, Day Work Profit Sharing Wage Incentive 


The question “should we employ outside consult- 
ants to install an incentive system, or should we use 
our present company personnel” is the one most 
often asked of this committee. Figure 4 indicates how 
those having some form of premium payment have 
made their installations. Although the chart shows 
that the larger plants used company trained person- 
nel, about 50 per cent of the smaller plants did like- 
wise. While the larger plants have the greater num- 
ber of qualified personnel for such work, it might 
have been supposed that the percentage of small 
foundries using their own personnel would have been 
much smaller. 

One reason for this is because those smaller plants 
which are captive foundries make use of the trained 
personnel of the parent organization for this work, 
and they are therefore not termed outside consultants. 
As indicated on the chart, an average of about 40 per 


PERCENT OF THOSE REPORTING 





GROUP 20 4o 








With 
Outside 
Consulting 
Service 


wu fun 





Fig. 4 — Installation of system. 
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cent of all foundries used outside consultants to make 
their installations. 

The “Method of Determining the Time Allow- 
ances” is another question often asked of AFS and 
the committee. Figure 5 shows the estimated method 
to be most prevalent in the smaller plant where 
personnel is limited and time will not permit the use 


of time study or other technical methods. The time- 
study method is the most common, especially in the 
over 300 employee group where more personnel are 
available. The chart indicates that a fair percentage 
of the plants are using the standard data method, 
and many responses indicated that they are presently 
changing over to this method of determining time 
allowances. 

“Miscellaneous” methods reported were amend- 
ments to the original estimates, amendments to origi- 
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Fig. 6 — Employees covered by premium 
earnings. 





Fig. 5— Method of determining time 
allowances. 
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nal studies, M.T.M. in conjunction with time studies 
and work sampling. 


PREMIUM PAYMENT PLAN 


The question “How many employees should be 
entitled to premium earnings” has perhaps been 
asked by management, and discussed at the bargain- 
ing sessions many times at those companies having a 
premium payment plan. As indicated on Fig. 6, the 
largest group of plants have 76 to 100 per cent em- 
ployee coverage. This can be attributed to the num- 
ber of foundries changing over to standard hour 
plans, thus providing the tools by which much of the 
indirect labor can be placed on an incentive or 
premium plan. Profit sharing plans normally cover 
100 per cent of the employees, and thus tend to 
increase the number of plants falling in this category. 
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Fig. 7 — Standard/piece work coverage. 
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Breaking employee coverage down still further, 
Fig. 7 shows that coremaking and molding have the 
greatest coverage among the direct labor jobs. In the 
comparisons of the direct labor categories of core- 
making, core fitting, molding and cleaning, the lafger 
plants indicated the highest per cent of coverage. 
This can perhaps be attributed to the fact that the 


larger plants normally have a hjgher industrial en- 
gineering department, making it possible to develop 
tools such as standard data, to permit more efficient 
setting of standard allowances. 


INDIRECT LABOR OPERATIONS 
On Fig. 8, the three indirect labor operations of 
pouring, melting and shakeout plot fairly even. Here 
again, the larger plants have the most coverage and 
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perhaps for the same reasons as for the direct labor 
groups. The indirect labor group, consisting of those 
employees who are strictly termed supporting labor, 
shows a much lower percentage of coverage, with the 
exception of group four, the 200 to 300 employee 
group. There seems to be no apparent reason for 
this group having the highest percentage of coverage 
of supporting labor. 

The author believes it is the goal of most premium 
payment plans to make it possible for the direct 
worker to attain an average performance of 125 to 
130 per cent, and the indirect worker an average per- 
formance of 115-120 per cent. Qn Fig. 9, the second 
group of 126 to 150 per cent for direct labor appears 
to be well balanced in all groups except number four, 
which indicates that the largest percentage of those 


Fig. 8 — Standard/piece work coverage. 
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reporting have an average of 140 per cent performance 
for their direct labor and approximately 110 per cent 
performance for their indirect labor. 


Few companies indicate averages of over 150 per 
cent and they are, for the most part, traced to those 
plants having an old established system with stand- 
ards reviewed only occasionally and a poor method 
of maintaining their standards or rates. The chart 
would indicate that a large percentage of the foundry 
industry have their premium plans well under con- 
trol. 

Many companies, when analyzing the cost of in- 
stalling and administering a standard hour plan, 
think only of the advantages obtained through stand- 
ard or above standard performance. There are several 
other advantages to be realized as indicated by Fig. 10. 

Estimating and pricing are the two most widely 
used applications to which standard times may be 
put to use. These two applications make it possible 
for intelligent quoting when bidding for jobs, and 
accurate pricing of all castings. This eliminates 
the “guesstimating’” otherwise necessary, and places 
both the estimating and pricing on a sound basis. 
Foundries with the proper tools for estimating and 
pricing are in a position to know whether they can 
bid on the work and make a nominal profit, and 
are in a much better position competitively. 


CONTROL METHODS 


Production control is an important function which 
can be properly administered only if such tools as 
standard allowed times are available. This not only 
permits the daily scheduling of work, but also makes 
it possible to project the work load of the plant for 
a given period of time, thus informing management 
well in advance of their future requirements. 


Direct Labor 
Indirect Labor 


Fig. 9 — Performance experience. 


Methods improvement is a must if the industry is 
to remain in a competitive position. This function 
should be a continuous drive, and should be applied 
prior to developing standards for the operations. As 
is indicated, using standards for methods improve- 
ment is more prevalent in the larger plants where 
the industrial engineering department has more per- 
sonnel to undertake the problem. In many of the 
larger foundries this function is performed by a sub- 
department entirely separate from the regular time- 
study group whose objective is to determine allowed 
times. 

The use of standards for labor analysis reports in- 
dicates the lowest percentage of the five applications 
charted. This is an important function. It not only 
provides the departmental supervisor with a barom- 
eter by which he can measure the efficiency and/or 
operating costs of his department, but also provides 
top management with a condensed and complete 
report of the plant’s operations. The labor analysis 
report provides management with an advance notice 
that the plant is being operated properly, or wave 
the red flag when costs are going the other way. The 
use of standards for this purpose is, without a doubt, 
increasing as the coverage for standard allowed times 
is increased. 


INDUSTRIAL ENGINEERING DUTIES 


Figures 1] and 12 may help determine what duties 
should be performed by the industrial engineering 
department. This question is asked by both manage- 
ment and the industrial engineering department. 
Many of the responses indicated all the functions 
listed as being performed by the department. This 
is especially true of those companies not. employing 
a large number of personnel for engineering work. 

Taking time studies, developing standard data, 
work simplification, job estimating and plant layout 
are the most common functions performed by this 
department. Time keeping, payrolling and material 
specifications show the lowest percentage, but can 
and are well placed under the engineéring depart- 
ment’s control, especially material specifications. The 
type of materials used naturally has its effects on the 
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Fig. 10 — Standard times use for other wage payments. 


allowed times, and if this function is performed by 
the department, it is constantly aware of any changes 
made and in a position to make the necessary com- 
parisons. 

The pricing of castings is, when the tools are avail- 
able, calculated according to the standard allowances 
for the various elements of work necessary to produce 





Fig. 11 — Duties performed by industrial engineering department. 


the part. Therefore, the engineering department is 
perhaps the best informed as to what must be in- 
corporated into the price structure and the function 
can well be one of their prime duties. 

The quality of work performed definitely affects 
the allowed times, and the administration of this 
function must either be controlled by the industrial 
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Fig. 12 — Duties pertormed by industrial engineering department. 


engineering department or performed in conjunction 
with the department. 

Payrolling is another function which ties in with 
industrial engineering, and is in many instances be- 
ing included in their duties. 

Job evaluation is based upon the duties and re- 
sponsibilities, as well as other factors concerned with 
specific jobs within the plant. The developing of 
allowed times, methods improvement and other func- 
tions, cannot require elements of work to be per- 
formed and/or under conditions which are in con- 
flict with the job descriptions used to determine the 
job classifications. The advantage of having both 
functions under the control of the same department 
is advantageous from the standpoint of efficiency and 
eliminates overlapping of departments. 


Pattern Equipment Design 

Pattern design is an important function of the 
foundry industry. The proper design of the pattern 
equipment to be used is not only necessary for pro- 
duction of a casting of the proper shape, contour 
and design, but is definitely a part of work simpli- 
fication, quality control, estimating, standards, pric- 
ing and production control. Since a large portion 
of the industrial engineers job is to determine the 
methods and allowed times to produce a quality 
casting at the lowest possible price, it is only logical 
that they should have a definite part in the design 
of the pattern equipment to be used. 

Some of the functions charted are, in many com- 
panies, performed by personnel of other depart- 
ments, or, in smaller foundries, by members of top 
management. However, upon observing the charts, 
it verifies the fact that all these functions can and 
are being performed by those having a broad ex- 
perience in industrial engineering. 

An important advantage of incorporating these 
functions all within the industrial engineering de- 





partment has proved to be invaluable as a training 
ground for top management personnel, since they 
will have attained a broad experience in many of 
the problems of management, and will have also 
acquired a vast experience in human relations while 
performing their tasks. 

There are many more comparisons which might 
have been made from the responses received, but the 
ones charted were thought to be the ones most help- 
ful to the industry as a whole. 

Many incentive, piece work or profit sharing plans 
have been installed within the last five years, while 
the greatest percentage of those responding have had 
such a plan for five to 15 years. There was also a 
large number reporting plans in effect from 20 to 
50 years. 


STANDARDS REVIEW 


The portion of the questionnaire asking for data 
relative to the “reviewing of standards” was perhaps 
the least impressive of all the questions listed. Most 
of the plants having some sort of premium plan 
answered only as “periodically reviewed.” Nine per 
cent stated that they made semi-annual reviews, six 
per cent replied making them annually, while the 
balance replied only “reviewed as needed.” 

There have been many papers published on the 
“Maintenance of Standards,” and the author believes 
everyone is aware of the necessity of keeping a close 
check on standards if a workable system is to be 
maintained. 

Since chart 9 indicates an average performance 
of 126 to 150 per cent, leading to the belief that the 
industry as a whole has a desirable overall perform- 
ance, there may have been some confusion as to 
what was meant by “reviewing of standards.” It is 
hoped that this is the reason for the low percentage 
of reviews, otherwise the survey would indicate that 
a good job of keeping “up-to-date” is not being 
done. 















A fundamental review 


ABSTRACT 


The busy die caster cannot find time to wade 
through the vast amount of data, all of it most ex- 
cellent, which is furnished by the suppliers of die steels 
along with the technical papers related to the steels 
used in die casting, their manufacture and treatment. 

While it is most difficult to adequately search out 
all of the causes of die failures, the authors have made 
an attempt to catalogue the contributing factors based 
on nearly 20 years of heat treating experience. Die fail- 
ures are costly, and it is believed that a study of the 
possible causes for such failures along with a basic re- 
view of die steel and heat treating metallurgy may be 
useful. 


CHOICE OF STEELS 


There are certain desirable properties which the 
die caster may expect with proper choice of steel and 
treatment for die cavities. An ideal material would 
1) resist thermal checking, 2) resist thermal shock, 
3) resist erosion or solvent action of molten metals, 
4) hold size during heat treatment to realistic toler- 
ances in spite of unbalanced sections required by cast- 
ing design, 5) be readily machinable, preferably in 
the fully hardened state—or capable of achieving 
working hardness by low temperature heat treatment 
and be 6) capable of welding and repairing in the 
event of design change or failure. 

Unfortunately this ideal material is not available, 
but the research of suppliers and users of die cast- 
ing dies is aimed at achieving a fool proof material 
for all types of die casting die blocks. 

A wide variety of steels has been used in the manu- 
facture of die casting dies. However, experience has 
shown that certain basic analyses combine the advan- 
tages of machinability and availability with the heat 
and wear resistance required for normal die casting 
operations. The composition and treatment of die 
casting dies is governed by the operating tempera- 
tures and the expected operating life of the die. In 
choosing a steel and treatment, consideration must be 
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given to the shape and size of the casting and the 
consequent erosion and heat transfer. 

There are so many variables that this paper will 
leave the details of design to the experience of the 
tool designer and die caster, covering only the avail- 
able materials and their possible range of usable 
properties obtainable through heat treatment. 


QUALITY OF DIE STEELS AND 
PURCHASE SPECIFICATIONS 


Since the great majority of die casters do not have 
laboratory facilities for checking the exact chemical 
analysis, grain size, cleanliness and freedom from im- 
perfections of their purchased steels, they are depen- 
dent upon the counsel of steel manufacturers. Since 
all reputable manufacturers of die castings steels have 
concentrated on improved quality, it is only common 
sense to call in the steel supplier as well as the heat 
treater, either captive or commercial, for decision as 
to the most economical combination of steel grade, 
preparation, inspection and heat treatment of the 
component parts of the proposed die. 

Suggested points for decision are: 


1) Type and Analysis of steel to be employed for 
various die components. 


2) Method of forging and percentage of reduction 
to assure uniform structure. 


3) Method of pretreatment to ensure most econom- 
ical machining and minimize size change in final 
hardening. 


4) Method of final hardening to ensure predicated 
minimum size change and to best utilize the in- 
herent qualities of the steel in operation. 


Examination for cleanliness, uniformity and free- 
dom from imperfections are functions which may be 
entrusted to the steel supplier. 

Supersonic testing is one of the most important in 
process services of the supplier, and is a definite 
“must” for larger die blocks, cores and slides. Selec- 
tion of material and methods of preparation should 
be based upon safety and quality rather than on pos- 
sible savings of material and time. The cost of steel 
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is indeed a small item in proportion to the ultimate 
cost of a complete die. 


EXPLANATION OF TABLE 


In an effort to simplify the choice of steels and cut 
down inventory, the authors have listed certain 
tried and proved steels chosen for their availability 
and desirable properties, as shown in the table. 

The steels have been arbitrarily classified accord- 
ing to their service application, Class I, which might 
contain any variety of steel from straight carbon to 
the highest alloys, lists P-20 (basically an A.LS.I. 
4130) for die temperature applications up to about 
600 F (310 C). This is a chromium molybdenum steel 
of 0.30-0.35 per cent carbon, chosen in preference to 
various similar grades because of availability, ma- 
chinability and other desirable properties. 

Likewise, the P-3 grade of hobbing steel has been 
found to have properties of availability and worka- 
bility which recommend it over other hobbing steels 
for multiple cavity work on low melting alloy die 
castings. The core hardness of 200-300 Brinell may be 
sufficient for surface wear resistance without car- 
burizing. 

Class II for aluminum lists four of the most com- 
mon chromium type alloys. Each has its combination 
of desirable properties, with the H-11 and H-13 steels 
somewhat increasing in use over the H-12 and H-14 
types containing tungsten. 

P-4 hobbing grades has gained popularity for hob- 
bed cavities. P-4 is the low carbon member of the 
chromium hot-work family and has the same favor- 


DIE CASTING DIE STEELS 





Composition, % 

















A.LS.L. 
CLASS NO. C Mn Si Cr Mo V W Other USES 
Zinc & low 
P-20 030 — —0.75025 — — — _ melting 
point alloys 
, Hobbing 
,, Cavities for 
P-3 0.10 — —060 — — — 1.25 Nl iow mp. 
alloys 
-ll 0.35 — — 5.00 1.50040 — — Aluminum, 
-12 0.35 — — 5.00 1.50040 150 — Magnesium 
-13 0.35 — — 5.00 1.50 100 — — _ and their 
» Hl4 040 — —500 — — 500 — alloys 
Hobbing 
cavities for 
P-4 0.07 — —500 — —- —- — Al-Mg 
alloys 
H-20 035 — — 200 — — 900 — 
H-21 -0.35 — — 350 — — 9.00 — _ Brass and 
3 Cobalt Copper 
Tung- alloys 
sten 0.30 — — 140040 — 4.00 5.00Co 
H-26 0.50 — — 4.00 — 1.00 1800 — 
H-42 060 — — 4.00 5.00 2.00 600 — _ Ejector 
Nitride pins and 
Misc. Alloy cores 
Steels “G” 0.35 — — 1250.20 — — 1.25Al 
A.LS.L.- 
S.A.E. Holding 
4140* 0.40 0.90 — 0.90 0.25 — —  — _ blocks 


*Low alloy casting may be substituted for 4140 forged blocks. 





able properties. The normal core hardness obtainable 
of 270-330 Brinell is sufficient to withstand the heat, 
wear and pressure of zinc and aluminum die casting, 
while the surface hardness may be increased by ni- 
triding or by carburizing to a medium carbon po- 
tential of 0.35-0.45 per cent. This practice is used 
successfully for larger production in aluminum. 

Class III lists the higher alloys generally used for 
brass die casting, of which three are in general use. 
H-20 and H-21 are used interchangeably and the 
cobalt-tungsten type is used where greater red hard- 
ness is required. 

For uses other than cavities, four miscellaneous 
steels should cover most of the die caster’s require- 
ments. The H-26 and H-42 low carbon high speed 
steels may be used for cores, core pins or ejector 
pins along with nitride alloy “G”, (used only in the 
nitrided condition) while the “G” parts will operate 
safely at most die casting temperatures, the H-26 
and H-42 pins will maintain core hardnesses of 50-55 
Rockwell C (up to 1300F, 700C) with resulting 
higher compressive strength. 


HEAT TREATMENT CHARACTERISTICS 
OF EACH CLASS OF STEELS 


Class I— Zinc and Low Melting Point Alloys 

Steels of this group are usually oil quenched and 
tempered to the desired hardness. They are relatively 
shallow hardening, but analysis may be varied to 
increase depth of hardness. 

For the normal operating temperatures of zinc, 
350 F to 600 F, in the die and up to 775F (425(C) 
casting temperatures. The die sections are normally 
drawn to 280-340 Brinell, a compromise between 
machinability and service life. 

If high production is required, any of the 5 steels 
listed in Class II may be substituted and treated to 
hardness of 380-420 Brinell after machining. 

Compromises indicated by design intricacy are 
sometimes effected by the use of a Class I steel, 
machined in the soft annealed state to within approx- 
imately %4,-in. of finished size and then hardened to 
380-420 Brinell, followed by finish machining to size 
with carbide tools. Another method of compromise is 
to nitride inserts placed in critica] areas to increase 
its life. 

Where dies are operated at the lower hardness 
ranges, 250-350 Brinell, the low hardness may create 
the problem of sinking and wearing at the shut- 
off area between top and bottom dies. In such cases, 
flame hardening is recommended. Figure | illustrates 
the method employed. Progressive heating with oxy- 
cetylene flame, to approximately 1550 F (840(C) fol- 
lowed by a suitable quenching medium, (usually a 
noninflammable, soluble oil) develops surface hard- 
ness of 450-500 Brinell. A tempering at approxi- 
mately 450 F (220C) will relieve quenching stresses 
without softening the surface appreciably, and will 
provide a suitable surface hardness about %.¢-in. in 
depth. 


Class II— The Chromium Hot Work Steels 
Steels of this class, used principally for aluminum 
die casting, are somewhat more difficult to machine 








than the low alloys. Free machining agents have been 
employed to overcome this difficulty, but most dies 
are still machined in the annealed state. Although 
they must be hardened at higher temperatures of 
1825-1900 F (995-1035 C), their analysis permits air 
hardening and deep penetration of hardness, in turn 
alloying closer control of size. After tempering (mul- 
tiple drawing is recommended) at 1025-1125 F (545- 
600 C) dies may be operated at approximately 600 F 
preheated temperature, and with casting surface tem- 
peratures up to 1150 F-1200 F (630-650 C). 

The best operating hardness of Class II dies is a 
problem requiring a compromise between possible 
cleavage and heat checking failure. There are those 
who believe that the greater the hardness the greater 
the resistance to washing and heat checking. 

However, to obtain best properties for this com- 
bination of safety and die life—44 to 48 Rockwell 
C is usually specified. 

Where design increases the possibility of failure 
due to cleavage cracks, a hardness of 41 to 44 Rock- 
well C may be specified as a means of increasing 
the safety factor at some sacrifice to ultimate die life. 

In cases where operating factors permit, the hard- 
ness of the cavity may be increased to 48-50 Rockwell 
C to take advantage of increased erosion resistance. 

If Class II Steels are used for long run zinc die 
casting, they may be left as hard as 48-52 Rockwell C. 


Class III — For Brass and High Melting Point Alloys 


The high alloy steels may be of various analyses. 
Most commonly used are the 9 per cent tungsten 
type and the cobalt-tungsten type. Considerable vari- 
ations in analysis have been developed by steel sup- 
pliers. Since the alloy content may vary from 10 to 
almost 25 per cent in these high alloys, they are more 
difficult to manufacture, machine, weld and heat 
treat than are the milder alloys. They are used 
largely for brass die casting or for pins and inserts 
for severe aluminum and magnesium alloy service. 
The hardness specifications normally follow those of 
Class II. 


Miscellaneous Steels 

It is generally conceded that the fewer different 
steels used in die construction the better. A wide 
variety of steels increases the chance for error and 
requires a costly inventory. 

The table lists only four steels. A.I.S.I. H-26 and 
A.LS.I. H-42 are interchangeable. Either will make an 
excellent core pin, and either will nitride nicely. The 
135 nitride alloy may be used interchangeably with 
P-20 (4130). 

There is a definite trend toward the use of holding 
blocks of low alloy constructional steels treated to 
250-350 Brinell with nitrided slides and pins, and with 
insert blocks and stationary cores of higher alloy 
materials. 

Alloying elements in the table are added for defi- 
nite reasons and in quantity shown by experience to 
meet the greatest percentage of requirements; such as 
hardness, toughness, wear resistance and heat re- 
sistance. Carbon and manganese are the principal 
hardening agents. 
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Fig. 1— Flame hardening shutoff area. 


Chromium increases hardenability, adds some 
strength at high temperatures, and increases wear 
resistance. Cobalt contributes to red hardness. Molyb- 
denum refines grain, deepens hardening, counteracts 
tendency toward temper brittleness and raises hot 
strength and red hardness. Nickel strengthens and 
toughens. Tungsten increases wear resistance and pro- 
motes hardness and strength at higher temperatures. 
Vanadium refines grain, increases hardenability, 
resists tempering, and causes marked secondary 
hardening.* 


METALLURGY OF HEAT TREATING 


The three classes of steel used for die impressions 
have different hardening characteristics due to their 
varying alloy content. The basic principles of heat 
treatment apply to all of the steels used in the manu- 
facture of die casting dies and their components. 
There are several ways of classifying heat treatment, 
though in general they fall into two classes. 


1) There is the type of heat treatment whereby the 
surface composition of the steel is altered in such 
a way as to induce a high degree of hardness, 
such as in nitriding, or to produce a composition 
and structure capable of being hardened to a 
high degree, such as in carburizing. 

2) There is the type of treatment which involves a 
heating and cooling cycle only for materials which 
already possess the elements necessary to harden 
the part of the desired properties. 


Briefly, the heat treatment of steels can be simply 
expressed by stating that in the annealed machinable 
condition the steel is soft, consisting internally of an 
aggregate of ferrite and carbide. Upon heating above 
the critical temperature, the crystal structure of fer- 








614 


rite changes becoming austenite, which dissolves a 
large portion of the carbide. This new structure, aus- 
tenite, is always a prerequisite for hardening. By 
quenching, that is cooling rapidly to room tempera- 
ture, the carbon is retained in the solution and the 
structure known as martensite results. This is the 
hard structure which is sought in steel, in order to 
obtain specialized properties for many applications. 

Martensite is initially high stressed, for the trans- 
formation from austenite involves some volumetric 
expansion against the natural resistance of the steel. 
It must be reheated to an intermediate temperature 
to slightly soften it and relieve the internal stresses 
that may embrittle the steel. This is known as tem- 
pering. 

If quenching is not rapid enough, the austenite re- 
verts to a fine mixture of ferrite and carbide known 
as pearlite, and high hardness is not obtained. The 
quenching rate which will produce martensite de- 
pends primarily on the alloy content. Plain carbon or 
low alloy steels may be water or oil quenched while 
highly alloyed steels usually can be hardened in air 
or quenched in hot oil or salt at approximately 400 F 
(205 C). 

Time-Temperature-Transformation Curves 

The steel producer research laboratories have de- 
veloped the thermal cardiograms of heat treatable 
steels which have been invaluable in developing op- 
timum heat treating procedures. The charts tell us 
that the products of decomposition are entirely de- 
pendent upon the rate and manner of cooling. Thus 
the time-temperature-transformation (TTT) diagram 
shows the time required for decomposition to start 
and end at any given temperature. A wide variety of 
structures may be formed during this decomposition 
depending or the temperature and length of time 
during which this decomposition is effected. 

For obtaining maximum hardness, it is, of course, 
necessary to form a completely martensitic structure. 
Martensite is formed by the decomposition of under- 
cooled austenite so that for the conditions, dependent 
upon the analysis of the steel, cooling must take 
place at a controlled rate so no decomposition takes 
place until the temperature reaches the martensite 
start point. 

As cooling proceeds from this martensite start tem- 
perature, known as M, temperature, and below, the 
austenite decomposes into martensite with variable 
amounts of retained austenite, depending on the 
amount of alloy in the material being heat treated. 

The TTT diagram gives the structures and hard- 
ness that will be obtained if transformation is com- 
pleted at a constant temperature. In continuous cool- 
ing, the structure will depend on the time that the 
steel remains in the various transformation levels 
(i.e., the cooling rate). 


Hardenability 

The most significant practical attribute of a steel 
is its capacity to be hardened or hardenability. This 
term refers to the depth of hardenirg, or to the size 
of a piece that can be fully hardened under a given 
set of cooling conditions. In a given steel, maximum 


hardness is dependent almost entirely on the carbon 
content, whereas the depth of hardness depends on 
the carbon, alloy content and austenitic grain size. 

Since the hardness of steel increases as the transfor- 
mation temperature is lowered to the M,, it is essen- 
tial to prevent transformation at the higher temper- 
ature. This requires cooling the steel with sufficient 
rapidity to pass the nose of the TTT curve before 
transformation starts. In general, the suitability of a 
steel for a given heat treatment is determined by its 
hardenability, which in turn is influenced by carbon 
content. Alloy steels can be quenched to martensite 
more slowly than carbon steels. Alloy elements differ 
greatly in their effects on transformation rates, but 
the effects of these elements are cumulative. Basically 
then, die steels must be heat treated in the following 
manner: 


1) The dies must be properly supported to prevent 
sagging and heated to a slow enough rate to en- 
sure uniformity between heavy and light sections. 
The die surfaces should be adequately protected 
at the elevated temperature by the use of protec- 
tive controlled atmosphere, or by pack hardening 
in inert materials such as pitch coke or cast iron 
chips which may remain neutral to the material 
at the hardening temperature. 

2) The dies must be held at the specified maximum 
temperature for sufficient time to insure complete 
solution of the carbide and alloying elements in 
the iron, in order to obtain a homogeneous solid 
solution, austenite. 

3) The die steels must then be cooled at the proper 
rate to ensure complete hardening to martensite. 
If it is cooled too slowly, a slack-hardened struc- 
ture will be obtained. If cooling is too rapid, that 
is faster than is necessary, cracking may occur due 
to thermal and transformational stresses. 


Figure 2a shows the TTT curve for the low alloy, 
P-20 type, A.1.S.I. 4130 type steel. In a plain or 
straight type carbon steel there is less than 5 sec to 
quench past the left-hand side of the curve in order 
to avoid soft products or a slack-hardened structure. 
With P-20 there is nearly 14 min to get past the nose 
of the S curve. In dies of small cross-section, less than 
2 in. may be quenched into hot oil or salt in order 
to avoid excessive distortion. 

Figure 2b illustrates the TTT curve for the H-13 
type of alloy die casting steel. One can immediately 
notice that the additional alloy slows the cooling rate 
sufficiently, (approximately 8 min to avoid the 
1300 F portion of the § curve) to alloy air cooling to 
harden even large die clocks. The deep hardening 
characteristics of this grade and the basically deep 
hardening characteristics of all the higher alloy types 
allows the heat treater to air cool, and thus maintain 
closer control over dimensional movement and de- 
formation curing the quenching operation. 

The Class III type of die casting steels have a TTT 
curve which indicates that one can cool past 1400F 
in 40 to 45 min and still have adequate cooling to 
harden. These high-speed type die steels require 
high austenitizing temperatures in the neighborhood 
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of 2100-2200 F (1150-1205 C). These steels must be 
heat treated in carefully controlled neutral salt baths 
or controlled atmosphere in order to avoid serious 
surface contamination which may be created at the 
elevated hardening temperature. 

The austenitizing aspects, of the major grades can 
be summarized: 


1) P-20 type—austenitize 1600 F oil or salt quench. 

2) H-13 type—austenitize 1800-1900 F and air cool. 

3) H-21 type—austenitize 2100-2200 F hot quench in 
1100 F salt or air cool. 


Tempering 

Tempering of the fully hardened steel is required 
for the relief of quenching stresses, and to recover 
the necessary toughness and ductility required to 
withstand service stresses. Since alloy steels contain 
elements that increase temperability, the Class II 
and III show much greater resistance to softening 
than do the P-20 or straight carbon steels. Basically, 
the higher the alloy content the higher the temper- 
ing temperature required and the necessity for mul- 
tiple tempering. 

The ability to maintain hardness at the elevated 
tempering temperature is, of course, the reason for 
using the high alloy content of chromium and tung- 
sten for the aluminum and brass die casting dies. 
Multiple tempering is a must for Class II and Class III 
die casting steels. By virtue of the fact that these steels 
do not completely transform the retained austenite 
with single tempering, a second and even a third 
temper is required in order to assure that the con- 
ditioned austenite has been transformed to marten- 
site and fully tempered. Multiple tempering will pro- 
vide reasonable assurance that the intricate dies, with 
frail projections and variable cross-section will not 
drift at the operating temperature. 

While there is a spread of recommended times 
for tempering all three classes of die steel, the follow- 
ing schedule has worked out as a reasonable com- 
promise of furnace time and cost as against relia- 
bility and safety in service. 


Class I 
Double Draw one hr/in. of cross-section. 
Operating Temperature of Die—300-500F (150- 
250 C). 
Draw Temperature—650 F (340 C) to 1050 F. 
Useful hardness varies from 30-45 Rockwell C 
according to section. 

Class II 
Double Draw one hr/in. of cross-section. 
Operating Temperature of Die—600-1000 F (315- 
540 C). 
Draw Temperature—1025-1150 F (500-620 C). 
Useful hardness—40-50 Rockwell C. 

Class III 
Double Draw one hr/in. of cross-section. 
Operating Temperature of Die—1000-1400 F (540- 
760 C). 
Useful hardness—40-52 Rockwell C. 


In tempering at the above temperatures there are 
certain rules to observe: 











1) Suitable air circulating draw furnaces must b: 
employed to insure uniform temperature throug] 
out the mass. 

2) To ensure sufficient draw time on large cavit 
blocks, it is recommended that thermocouples b: 
placed near the center of the block so that rate o! 
heat penetrations can be measured. 

3) Accuracy of temperature must be maintained sinc: 

slight temperature variation will cause hardness 

variation of beyond desired specifications. 


It is obvious that each type of die steel must bx 
handled slightly differently from the others for op 
timum results. Different temperatures, different heat 
ing and cooling rates and variable tempering pro- 
cedures must be used. 

The properties of die steels developed in heat 
treatment bear an important indirect effect on thei: 
die life. In general, it may be said that the harder a 
given die the longer it will wear, while the softer a 
die the tougher it becomes. Thus, presuming the 
proper die steel is being used and no other factors 
are operative, dies which are wearing out should be 
harder for improved life, and dies which are breaking 
or cracking should be made softer. 


STRUCTURES FOR MACHINING 


Referring back to the TTT Curves, it will be 
noted that if the steel in question is cooled slowly 
enough from the critical quenching temperature, the 
resulting structure will be a soft lamellar pearlite 
along with varying amounts of alloy ferrite, plus 
some carbide particles at the grain boundaries. As 
the speed of cooling is increased, the lamellas be- 
come finer and harder until the critical cooling rate 
for hardening is reached. For each of the three types 
of steel, there are hardnesses at which the best 
combination of properties for surface finish and 
machinability are secured. 

Following are suggested treatments for meeting 
hardness specifications for specific machining pro- 
cedures: 


Class I, A.1.S.1. 
180-210 Brinell—Annealed. 
210-300 Brinell—Normalized and/or Quenched 
and Tempered. 
300-450 Brinell—Oil Quenched and Tempered. 
Class II 
190-220 Brinell—Annealed. 
220-500 Brinell—Quenched and Tempered. 
Class III 
220-230 Brinell—Annealed. 


The optimum heat treatment for various machin- 
ing depends on the application, design intricacy and 
the economics of die construction. In general, where 
heat treat size change is intolerable, die components 
are machined in the pretreated or tempered mar- 
tensite condition. 

Rough machining, plus conventional heat treat- 
ing to ascertain dimensional movement for use in 
predicting final heat treat size change is frequently 
employed on extensive die programs. 

There is no fixed rule for machinability of any of 

















Fig. 3a — Annealed structure H-13 steel. 200 X. 


the three classes of steel. Blocks may be purchased 
either in the soft annealed (Fig. 3a) or the pre- 
hardened condition (Fig. 3b). It is recommended 
that each job be investigated as to cost versus service 
life required, and the most economical combination 
be decided upon while the die is still in the blue- 
print stage. 

With improved steels, machine tools, cutters and 
lubricants, certain dies may be finished at the higher 
operating hardnesses thus eliminating the factor of 
size change in heat treatment. However, at the higher 
hardnesses hand barbering and polishing for fitting 
is the normal final operation. 


Preheat Rough Cavity for Size Change Prevue 

The cavity was roughed out to within 4,-in. of 
final size and measured. It was then air quenched 
from 1825F (995C), double tempered at 1050F 
(575 C) to 48 Rockwell C and measured. After an- 
nealing to 230 Brinell, the cavity was machined to 
size, allowing for approximately half the original 
growth in final hardening. The cavity was held 
within a maximum allowable change of 0.010 in. 
(Fig. 4). It was estimated that with an error of 
only 0.015-0.020 in. in figuring expansion, an extra 
\4-lb of aluminum would be used for each casting. 
On 100,000 castings this would amount to 25,000 
pounds of aluminum. This shows the importance of 
size change. 


NITRIDING—FOR CLOSE TOLERANCES, 
INCREASED WEAR, AND ANTI-SOLDERING 
Nitriding has become more widely used as a method 
for: 
1) Maintaining the wear resistance of slides and other 
moving parts. 


2) 


3) 
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‘el s,, A 
Fig. 3b — Prehardened structure H-13 steel. 1000 X. 


Increasing the wear and yet maintaining the built 
in accuracy of pretreated and machined dies, in- 
serts, pins and sleeves. 

Process designed to prevent soldering or sticking 
of castings on dies in which design cannot elimi- 
nate trouble areas. 





Fig. 4— Cavity block of H-13 steel inserted in hold 
block of 4140 S.A.E. Weight of gravity block, 6500 Ib; 
weight of casting, 22 Ib. 
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The nitriding process lends itself well to parts 
for the most intricate and unusual designs. Due to 
the fact that the nitriding operation is carried on at 
a relatively low temperature, and that no quenching 
operation is necessary, it naturally follows that dis- 
tortion will be a minimum and that the danger of 
hardening cracks is eliminated. Thus, it is possible 
to surface harden parts which have been machined 
at a machinable hardness to the desired intricacy. 
Thorough hardening parts of intricate design may 
almost be out of the question and still obtain the 
close tolerances required. 

The most important factor to be considered in the 
design of parts to be nitrided is the elimination of 
sharp corners. It is not always necessary that edges 
and corners be actually rounded, but they must at 
least be broken by means such as an oil stone. The 
nitrided case is hard and brittle so that a sharp edge 
and corner have a concentrated buildup of nitride 
and may cause chipping at that point. 


NITRIDING PROCESS 

The nitriding process is effective for most of the 
steels listed in the table due to the fact that their 
composition, which contains vanadium, tungsten, 
chromium and molybdenum, will form with atomic 
nitrogen created by the decomposition of ammonia 
to form hard nitrides at the surface. Nitriding is 
carried on in a closed retort with ammonia gas, de- 
composing at the nitriding temperature of 950-980 F 
to produce atomic nitrogen and hydrogen. Nitrogen 
is absorbed by the steel at the temperature (which 
is below the original tempering temperature) in 
much the same manner as carbon is absorbed and 
diffused during the high temperature process of car- 
burizing. However, at the nitriding temperature (be- 
low any critical temperature) size change is mini- 
mized and the normal tempered hardnesses main- 
tained. 

Nitriding has been and is being used more fre- 
quently prompted by the needs for increased pres- 
sures and production. It has also been said that the 
compressive stresses created by the nitrided case (ap- 
proximately 0.008-0.012) does promote favorable com- 
pressive stresses at the surface, which are opposed to 
the operating stresses during the die casting opera- 
tions. Thus far, the use of nitriding has been con- 
fined to wearing parts and inserts which tend to wash 
out due to location turbulence which usually causes 
stickers. A second reason is because after the parts 
have been nitrided it is extremely difficult to change 
or repair the part. Unless the case is largely re- 
moved, such as by grinding, machining or welding, to 
repair or change design is difficult. 

It is therefore suggested that nitriding be consid- 
ered carefully, and then only used on inserts or 
die parts that may be easily replaced. Figure 5 illus- 
trates a microstructure of a case in a nitrided alloy, 
as well as the depth, Knoop hardness and survey of 
the hardened nitrided zone. 

Liquid nitriding using equal percentages of potas- 
sium and sodium cyanide can be accomplished at op- 
erating temperatures of 1025-1050 F on small inserts. 









The process is fast and economical, and can produce 
a case depth of about 0.001 in 5 hr. The disadvan 
tages of the liquid nitriding process is the shallow 
case which permits little or no grinding, and, mos: 
important, the tendency of salt to pick up moistur: 
and cause rusting and pitting. Liquid nitrided part 
must be immediately washed free of salt and light) 
vapor blasted and oiled to prevent pitting. 


SURFACE CONTROL IN HEAT TREATMENT 


An important factor in the heat treatment of die 
casting dies to secure maximum die life is that of sur 
face chemistry control. The oxygen in the air and the 
water vapor and carbon dioxide in burned fuel gases 
will rapidly deplete the carbon on the surface of the 
steel at the elevated temperature used in heat treat- 
ing unless the surface is adequately protected. A loss 
of carbon at the surface means a loss of surface hard- 
ness and a loss in desirable surface properties. No 
longer is the surface of the die the same alloy which 
was carefully chosen, purchased and manufactured 
into a die. 

Decarburization can result in early surface fatigue 
with resultant pitting, washing and general curtailed 
die life. Figure 6 reveals decarburized microstruc- 
ture and Fig. 7 shows normal structure. 

Historically, surface protection has been provided 
by pack hardening in a completely burned compound 
known as pitch-coke and is reasonably neutral to the 
conventional die steel. Pack hardening does a good 
job, but is expensive and time consuming because of 
the large box and packing material which must be 
utilized for proper heating of the die. Considerable 
time is required to heat this large mass of insulating 
material, plus the expense consumed in the manu- 
facture of the large steel containers. 

Various methods of surface protection during pack 
hardening have been employed due to the lack of 
integrity of the neutrality of the packing. Copper 
plating and various protective paints are used which 
were designed to brush off easily after heat treatment. 
Both plating and painting presented cleaning prob- 
lems which could manifest itself in surface pits and 
imperfections that could cause problems in service. 

Since it was generally conceded that surface de- 
carburization or carburization (Figs. 6, 7) of die cast- 
ing surfaces could promote washing or earlier heat 
checking, heat treatments utilizing controlled atmos- 
phere or molten salt baths are most widely used. 


Muffle or Retort Furnaces 

Modern die surface protection is provided by the 
use of special muffle or retort furnaces, wherein the 
dies are protected from contact with the combustion 
gases and surrounded by special atmospheres neutral 
to the surface chemistry of the die steels. 

There are many controlled atmospheres available, 
such as argon, nitrogen, completely dissociated am- 
monia and dry hydrogen which may be used in re- 
tort furnaces. However, endothermic atmosphere is 
the most common, The reason for this is that the 
endothermic atmosphere is an economical atmos- 
phere, and the one that can be easily tuned to the 
particular carbon content of the die steel being 








Case Depth Hardness 
Inches Rockwell C 


0.002 60.5 
0.004 59 
0.006 59 
0.008 58.5 
0.010 58 
0.012 56 
0.014 51 
0.016 47 
0.018 39 
0.020 27 
0.022 26 
0.024 26 


ig. 5 — Microstructure and case hardness of a case in a nitrided alloy. 


Fig. 6 — Decarburized surface. 200 X. Fig. 7 — Normal surface. 200 X. 
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Fig. 8 — A typical endothermic generator with carbon 
control and controlled atmosphere furnace. 


treated. The other atmospheres are relatively inert to 
to the carbon of the die steel being treated, are ex- 
pensive, and may not overcome decarburizing condi- 
tions created by furnace or retort leaks. 

The endothermic atmosphere, which is produced 
by reacting air and gas (such as propane, butane or 
natural) over a heated catalyst provides an atmos- 
phere consisting of basically 40 per cent hydrogen, 40 
per cent nitrogen and 20 per cent carbon monoxide. 
It has been found that the relatively simple method 
of measuring the dew point (water vapor) is a re- 
flection of the water/gas reaction between carbon 
monoxide and water vapor. The dew point is the 
quickest and most accurate indication of the carbon 
dioxide and moisture, and thus the carbon potential 
of the atmosphere. By simple regulation of the air/ 
gas ratio the dew point can be regulated to be in 
complete neutrality to the steel being heat treated. 


Figure 8 shows a typical endothermic generator, fu: 
nace and associated dew-point controller and recorder. 
Figure 9 shows dew-point equilibrium chart for car- 
bon steels. 


SALT BATHS 


Molten salt baths (Fig. 10) are now generally 
recognized as an excellent medium for the heat treat- 
ment of high speed steels and are widely used for 
hot-work steels. Salt baths large enough to handle 
die casting dies of substantial size find greater us¢ 
in Europe than in the United States. The develop- 
ment of ceramic lined furnaces with totally sub- 
merged electrodes, together with new and improved 
methods of salt rectification, has greatly simplified 
the operation of salt baths. The use of 100 per cent 
anhydrous barium chloride with a melting point of 
1750 F (955 C) and a working range of 1900-2400 F 
(1035-1315 C) for the higher temperature die cast- 
ing die steels has proved staisfactory. However, 
where the dies are extremely intricate and designed 
with manifold cooling lines honeycombed through- 
out the die block, salt cleaning after hardening may 
present a problem. Pitting and corrosion are con- 
stant hazards. 


FAILURE OF DIE CASTING DIES 


Cracking 


Cracking or splitting may occur in heat treating 
or in service from several causes. Deep tool marks, 
sharp corners, absence of fillets and unbalanced sec- 
tions are all stress raisers and should be avoided. 

One of the difficulties encountered by metallur- 
gists who seek to determine the cause of die failures 
is the frailty of the “genus homo.” No operator will 
ever admit a bad setup, a double shot or turning 
cold water onto a hot die. Then too, there is gen- 
erally more than one possible contributing factor to 
ultimate die failure. 

Figure 1] shows a typical failure. The die was 
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Fig. 10 — Salt bath preheat, high heat and quench. 


H-13 and was eight weeks behind schedule. The 
forging source and the heat treater were rushed. 
The tool maker requested radii in the sharp corners 
and a thickening of the cavity bottom (to even out 
the section), but was refused. The die was rushed 
into service, a crack started in the sharp corner, 
perhaps aided by improper preheat or alignment, 
and progressed in less than 8 hr operation com- 
pletely through the die. 

A similar failure in Fig. 12 was blamed upon an 
improperly reamed water line. The crack had started 
at the torn point where two drills missed meeting 
by l%-in., creating a focal point for fatigue cracking. 
Figure 13 shows aluminum surface impregnation 
from running a soft die prior to heat treatment. 


Heat Checking 

Heat checking may be caused by improper gating 
or by overheating of the surface layer of metal along 
with improper preheating of the die. Castings al- 
lowed to cool in the die (stickers) seem to promote 
localized overheating and checking. 

Heat treating can contribute carburization or de- 
carburization of die surfaces. Either condition may 
subject the metal to differential stresses because of 
the difference in ductility between the parent metal 
and the carburized or decarburized surface. Mild 
carburization is preferable to decarburized surfaces. 
Figures 14 and 15 show this condition with progres- 
sive checking and buildup of aluminum in the 
cracks. 

It is believed that tool marks, minute inclusions 
or other unusual surface imperfections may act as 
foci for surface stresses and hasten the formation of 
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Fig. 11 — Failed cavity H-13 steel. This is believed to 
be caused in this case by unbalanced section and sharp 
corners. 


checks. Perhaps minute pit marks open up into 
checks as shown in Figs. 16 and 17.* 


Washing 
Washing is usually caused by direct impingement 
of hot metal on a flat surface, giving the hot metal 


*Roberts and Grobe, Vanadium Alloys Steel Co. in “Service 
Failures of Aluminum Die Casting Dies.” 


Fig. 12 — Failure 
starting from un- 
reamed water line. 
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Fig. 13 — Aluminum surface impregnation from running a soft die prior to heat treatment. 


a chance to exert unusual surface pressure or tension. 

Over tempering or under hardening, or any other 
cause for surface softening can promote washing. 
It is not always possible to divide or break up the 
metal flowing from the gate and thus reduce the 
pressure. Nitriding has been found to give greater 
resistance to washing than is exerted by the die sur- 
faces at normal hardnesses. All three classes of die 
materials may be nitrided, and actual practice has 
proved that surfaces thus protected will usually stop 
the washing action. Nitrided inserts containing the 
gates and made of higher alloy material have proved 
beneficial. It is not usually wise or necessary to 
nitride the entire cavity. If surface is decarburized 
nitriding will cause spalling. 


Soldering 


Soldering, or the pickup of molten metal on the die 
casting die surface, is thought to be caused by minute 


imperfections. Figure 18 and Fig. 19 show the develop- 
ment of such an imperfection. 

Care in “breaking in” a die with use of proper 
lubricants is essential to die life. Any method of elim- 
inating pit marks or imperfections is of assistance. 
Light sandblasting, vapor blasting and surface plating 
with silver or iron oxide and phosphide coatings are 
all practices that help to cut down on the chances for 
soldering. Figure 20 illustrates die insert showing im- 
pingement soldering. 


SUMMARY 


Experience would seem to indicate that certain 
basic rules apply to the successful preparation and 
operation of die casting dies as follows: 


1) Buy only from reputable steel suppliers and se- 
cure their advice as to: A) type of steel, B) forg- 
ing direction and C) forging reduction. 

2) Use a minimum number of steels and avoid spe- 
cial purpose steels unless required. 





ig. 14— Typical heat checks on die surface (H-13 steel). 


Fig. 15 — Buildup of aluminum in surface checks. 14 X. 









3) 
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Fig. 16 — Initial surface pit, H-13 material. 500 X. 


Fig. 17 — Pit developed into surface check. 500 X. 


Observe normal safety rules for die design such 
as balanced sections, generous fillets and wide 
radii. Keep water lines as far from casting sur 
faces as possible and ream all water line holes. 
Be sure than your heat treater has adequate equip- 
ment to develop best properties to assure satis- 
factory maximum performance and die life. Fur- 
nish information as to size change allowances, 
material and hardness specifications, and surface 
finishes required. Above all do not rush him. 
Cooperate with the heat treater in building up a 
store of knowledge gained from experience in 
treating the three classes of steel described. Use 
pretreatment of rough block in order to predicate 
potential size change in finished die, or pretreat- 
ment and nitriding with dimensional accuracy is 
required. 

Observe all possible precautions during the ‘“‘break 
in” period. The die must be carefully preheated, 
properly aligned and above all must be protected 





Fig. 18 — Aluminum trapped in heat check by oxide 
films. 









terial. 


Fig. 20 — Die insert showing impinge- 
ment soldering. 








Fig. 19— Surface check which traps the die cast cast 
metal and promotes soldering or sticking. H-13 ma- 





by proper lubricants and be free from _ pits, 
scratches and surface defects. If dies must be “run- 


in” soft, check for surface checks with a magnetic 
particle inspection and remove incipient cracks 
before final heat treatment. 
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PHYSICAL AND CHEMICAL 
CONDITIONS VARIATION EFFECT ON 
BENTONITE SUSPENSION PROPERTIES 


by A. J. Anderson and G. J. Sutton 


ABSTRACT 

This article embraces the results of an investigation 
into the effect on Bingham yield value of bentonite 
suspensions produced by the addition of reagents, some 
of which resemble those which could occur under 
natural conditions. The effect of these reagents on the 
PH of bentonite suspensions has also been examined. 

By means of differential thermal analysis it was 
shown that phosphate ions are adsorbed into inter- 
layer and lattice positions. It was also shown that 
tannates and similar reagents are not adsorbed. 


INTRODUCTION 

some sand foundries have endeav- 
wastage of castings associated with 
“scabbing” “erosion” and “rough 
surface.” One of the means of achieving this has 
been to improve the molding sands by control of 
their hydrogen ion concentration. Much of the work 
was carried out in foundries and has not been re- 
ported in the literature. However, various authors 
have published articles between 1938-1954 on the 
subject, but, in general, the reported results are not 
extensive. 

The defects mentioned are related to the bond 
strength developed in the molding sand. This char- 
acteristic, usually described as “green compression 
strength,” is developed in the sand as a result of 
the bond produced by the clay matter present. Natur- 
ally, any investigations into the effect of the varia- 
tion of pH of the molding sands must be approached 
from the viewpoint of the effect of variation of pH 
on the bonding clay. It is considered that the clay in 
a “green” molding sand is in a semi-plastic condi- 
tion. Hence, any investigations into the effect of the 
variation of pH. on bonding clay are best carried 
out on a suspension of such a clay in water. 

In Australian foundries, a big proportion of green 
molding is “synthetic,” i.e., a mixture of silica sand, 
Western Wyoming bentonite and water. Consequent- 
ly any work on this subject should be based on water 
suspensions of this clay. It is known that viscosity 
is the property of such suspensions which is most 
affected by variation of hydrogen ion concentration. 


In recent years, 
ored to avoid the 
defects caused by 
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Accordingly, measurements of viscosity (from 
which Bingham yield values were calculated) were 
carried out with various types of reagents for rea- 
sons given below. 


INVESTIGATION PURPOSES 


First, it was decided to investigate the addition of 
anions of both weak and strong acids in order to ob- 
serve the effect of pH on the suspensions. It was 
found that salts of weak acids produced peaks in a 
viscosity curve when viscosity (as expressed by the 
“Bingham yield value’) was plotted (as ordinate) 
against the concentration of added salt (as abscissa). 
The results are given in Fig. 1. It is logical that the 
hydroxyl] ions liberated by hydrolysis of the anions of 
weak acids may be taken up by ions having high 
polarising power, such as Si**, Fe** and Al** which 
exist in bentonite suspensions. 

The progressive formation of these hydroxides 
would also assist in maintaining a constant pH with 
increases in salt concentration. The increase in vis- 
cosity to a peak could be due to the above phenom- 
enon, as these substances could be colloidal when 
freshly formed. The drop in viscosity which followed 
may be due to precipitation of the colloids, which 
are positively charged, by excess (OH) from the 
added salt. 

When the relative strength of the acid correspond- 
ing to the anion of the added salt is compared with 
the viscosity of the treated suspension, it is observed 
that in general the extent of the peak is inversely 
proportional to the strength of the acid. The weak- 
er the acid, corresponding to the anion of the rea- 
gent, the greater is the peak. As the acid increases 
in strength, the yield values (a measure of viscosity) 
become lower, until salts of a strong base and a 
strong acid are without appreciable effect on the vis- 
cosity of the clay suspensions. 

Second, it was decided to investigate the effect of 
wetting agents on bentonite clay suspensions. Two 
commercial brands, based on water solutions of so- 
dium dodecyl benzene sulfonate, were used. The re- 
sults obtained are summarized in Fig. 2. In general, 
these reagents did not affect the viscosity of the 
suspensions to any marked extent. The increase in 
viscosity noticed with one of the reagents is probably 
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(Fig. 1 — continued on next page) 
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Fig. 1 — The effect of the addition of Group 1 reagents on 
the yield value and pH of bentonite suspensions. (a) so- 
dium acetate, (b) sodium carbonate, (c) sodium chloride, 


due to emulsification produced as a result of the 
stirring action of the rotating viscometer bob. 
It would appear that the wetting agents do not 
appreciably affect either the pH or the viscosity of 
the bentonite suspension. 

This is in disagreement with the opinion expressed 
by Green (1942) that if wetting agents increased 
wetting, then both the yield value and plastic vis- 
cosity would be lowered. Although the dispersion of 
the bentonite was facilitated in the presence of the 
wetting agents, no such lowering of the yield value 
was observed. 

Third, it was proposed to study the theory ad- 
vanced by Lewis, Squires and Broughton (1944) to 
explain the reduction in viscosity of bentonite sus- 
pensions by the presence of tannates which may oc- 
cur in natural sands. In order to obtain sufficient 
data, both organic and inorganic reducing agents 
were used. In addition, salts of organic acids, which 
were without reducing effect, were added for com- 
parison. 


(d) sodium citrate, (e) sodium formate, (f) sodium sul- 
phate and (g) sodium tartrate. 


Sodium Gallate Effect 

Lewis et al (1936) and others have described the 
reduction in viscosity produced by the addition of 
tannins to the bentonite suspensions. The tannin ex- 
tracts described are a mixture of complex organic 
compounds. In preference to such a complex mix- 
ture as tannin extract, sodium gallate was the first 
reagent to be used. It will be seen from Fig. 3 that 
it produced the expected reduction in viscosity. Like 
gallic acid, succinic acid is likely to be present in 
decaying vegetable matter, but when the sodium salt 
was added to the bentonite suspension no compar- 
able reduction in viscosity was observed. 

However, succinic acid differs from gallic acid 
both structurally and in molecular weight. Other 
cyclic compounds such as sodium salts of benzoic 
and salicylic acids, which are structurally similar to 
gallic acid, also failed to exhibit the same character- 
istic towards bentonite suspensions as was observed 
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Fig. 2 — The effect of the addition of Group 2 reagents on the yield value and 
PH of bentonite suspensions. Top, wetting agent A; bottom, wetting agent B. 
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Fig. 3 — The effect of the addition of Group 3 reagents on 
the yield value and pH of bentonite suspensions. (a) so- 
dium gallate, (b) sodium succinate, (c) sodium benzoate, 
(d) sodium salicylate, (e) sodium oleate, (f) resorcinol, 
(g) catechol, (h) hydroquinone, (i) pyrogallic acid, (j) 


with the salt of gallic acid. Lewis et al (1944) sug- 
gested that the effect on bentonite suspensions ob- 
served with tannin extracts was due to the high 
molecular weight of the reagent, yet sodium oleate 
(molecular weight 304) failed to reduce the viscosity. 

‘It was then suggested that the behavior of the 
tannins and of the sodium gallate might be due to 
the ability of these compounds to act as reducing 


1.0 
MILLIMOLES PER 30G.BENTONITE. 


o-amino phenol, (k) m-amino phenol, (1) p-amino phenol, 
(m) hydrazine sulphate, (n) hydroxylamine hydrochloride, 
{o) sodium hydrogen sulphite and (p) anhydrous sodium . 
sulphite. 


agents. Dihydric phenols offered three reagents, two 
of which were known to be strong reducing agents 
and the other a weak reducing agent. The active 
reducing agents markedly reduced the viscosity of the 
clay suspensions to which they were added, but the 
inactive reagent did not affect the viscosity. Pyro- 
gallic acid, o - amino phenol and p - amino phenol 
also reduced the viscosity of the suspensions. 
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However m - amino phenol and the inorganic re- 
ducing agents, hydrazine sulfate, hydroxylamine 
hydrochloride, sodium hydrogen sulfite and sodium 
sulfite failed to produce a similar effect. It now 
appeared that noticeable reduction in viscosity was 
brought about by organic compounds possessing a 
strong reducing action. 


Organic Agent Tests 

The next step was to establish the nature of the 
action of these organic reagents on bentonite. Ac- 
cordingly, samples of clay in the untreated condition, 
after saturation with methylene blue and after treat- 
ment with the reagents found to reduce viscosity, 
were tested by the following method. 

They were thoroughly extracted with alcohol to 
dissolve excess reagent and sybjected to differential 
thermal analysis. The results are shown in Fig. 4. 
The methylene blue, which is known to be strongly 
adsorbed on to the clay lattice produced a distinctive 
graph. 

All of the clays treated with the other reagents 
produced graphs similar to that of untreated clay, 
except that the extent of the endothermal changes 
was reduced due to the alcohol treatment. This re- 
sult suggests that these organic reducing agents are 
not adsorbed on to the clay lattice, and hence as 
far as the clay is concerned their action may be 
classified as physical rather than chemical. The com- 
pounds which markedly reduce the viscosity of the 


Fig. 4 — Differential thermal analysis curves for benton- 
ite treated with various organic chemicals. All curves — 
Western Wyoming, Black Hills, bentonite. (A) un- 
treated, (B) treated with methylene blue, (C) treated 
with p-amino phenol, (D) treated with o-amino phenol, 
(E) treated with catechol (o-dihydroxy benzene), (F) 
treated with hydroquinone (p-dihydroxy benzene) and 
(G) treated with pyrogallol (tri-hydroxy benzene) and 
(H) treated with sodium gallate. 


bentonite suspensions belong to a group of reagents 
called “photographic developers.” 


They are known to be active reducing agents, and 
hence it is suggested that their reduction of the vis- 
cosity of the bentonite suspensions was due to chemi- 
cal combination with oxygen which had been adsorb- 
ed by the clay particles but was not strongly bonded 
to the lattice. The removal of the oxygen from the 
surface facilitated the movement of the clay particles 
relative to each other during shear and hence re- 
duced the viscosity. 


Such an assumption appears compatible with the 
various theories which have been proposed to ex- 
plain the formation of thixotropic colloidal suspen- 
sions of bentonite in water. It also fits in with the 
different behavior of the inorganic reducing agents 
used, whose capacity to combine with oxygen is slow- 
er, and hence is probably offset by diffusion of oxygen 
from the surface in contact with the air during the 
experimental procedure. 


On the other hand the organic reducing agents 
formed a layer. which was practically impermeable 
to oxygen, thus preventing a return of the oxygen 
removed. This theory of the action of adsorbed oxy- 
gen in increasing the viscosity of clay suspensions is 
supported by the observed effect of the incorporation 
of air into suspensions treated with wetting agents 
and such reagents as sodium oleate. It was noticed 
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Fig. 5 — The effect of the addition of Group 4 reagent on the yield value and pH of clay suspensions. 


that air introduced by the stirring action of the 
viscometer noticeably increased the viscosity. 


Pyruvic Acid Effect 

Weiss (1955) observed that pyruvic acid had the 
capacity to reduce the viscosity of clay suspensions to 
1 marked extent. The results of the addition of this 
reagent to clay suspensions are summarised in Fig. 
3. Since pyruvic acid is an a@ ketonic acid, it is 
capable of co-ordinating metal cations by chelation. 
The progressive lowering of viscosity could be due 
to the formation of co-ordination complexes, while 
the subsequent increase in viscosity may be due to 
their precipitation. 

Alternatively, the behavior of this reagent in re- 
ducing the viscosity may be due to partial coagula- 
tion and the destruction of the colloidal suspension, 
eventually causing water separation. The compound 
is a moderately strong acid and hence markedly de- 
crease the pH of the suspension. These results 
agree with those reported by previous investigators. 
It is felt that the mechanism of the changes involved 
differs from those associated with the use of the 
“photographic developer” type of reagent. 











Finally, it was proposed to Study the effect of 
large anions of high polarisability such as phos- 
phates. 

The first reagent used was sodium di-hydrogen 
phosphate, and the results are shown in Fig. 5. The 
reagent reduced both the pH and the viscosity of the 
suspensions. Di-sodium hydrogen phosphate had 
practically no effect on the pH, but did produce a 
slight “peak” in the viscosity curve. Tri-sodium phos- 
phate, due to alkaline hydrolysis, was responsible for 
a gradual increase in pH, but produced a tharked 
“peak” {tl the viscosity curve. . 

Sodiuth pyrophosphate completely changed the 
character of the bentonite suspensions. They devel- 
oped a glué-like consistency which was not observed 
in afly of the suspensions treated with other reagents. 
Sodium hexa-metaphosphate at first reduced the 
viscosity but then increased it until a “peak” was 
developed; the pH, however, was steadily reduced. 


Nature of Reagent Action 

In an endeavor to ascertain the nature of the 
action of these reagents on the clay lattice, separate 
samples of the clay, previously treated with the var- 
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gen ortho phosphate, (c) hydrated disodium hydrogen 

ortho phosphate and (d) hydrated tri-sodium ortho phos- 

phate and (e) hydrated sodium pyrophosphate. 





Fig. 6 — The effect of the addition of Group 5 reagents on 
yield value and pH of clay suspensions. (a) hydrated so- 
dium hexa-meta phosphate, (b) hydrated sodium dihydro- 





ious phosphates, were investigated. The treated clay 
suspensions were thoroughly washed with distilled 
water, settled by centrifuging, and the wash water 
tested with ammonium molybdate for the presence of 
phosphates. When the wash water was free of phos- 
phate, portion of the treated clay residues were ex- 
tracted with nitric acid and the extracts tested for 
phosphate. 


In all cases the results were positive. The remain- 
der of the treated clay samples were dried and sub- 
jected to differential thermal analysis, the results be- 
ing shown in Fig. 6. It will be seen that the endo- 
thermal changes normally occurring at 160. and 730 C 
(320 and 1340 F) have been suppressed. Since these 
changes are due to the expulsion of the adsorbed 
and lattice water, respectively, it appears reasonable 
to assume that phosphate ions had replaced the wa- 
ter from these positions. In addition, the exothermal 
peak at 960C is (1760 F) is almost completely sup- 


pressed, suggesting that the phosphate complex 
formed is stable up to temperatures of 1100C 
(2012 F). 


The intensity of the endothermal peak in the 
treated clay is greatest with sodium di-hydrogen phos- 
phate and least with tri-sodium phosphate. This is 
explained by the fact that the concentration of avail- 
able phosphate ions is inversely proportional to the 
replaceable hydrogen. Thus, by mass action the tri- 
sodium phosphate will cause the replacement of 


increased quantities of both inter-layer and lattice 
water, which is reflected in decreased endothermal 
reactions at both 160 and 730 C (320 and 1340 F). 


EXPERIMENTAL 


Determinations of viscosity were carried out on a 
rotational viscometer. The type used was a “Storm- 
er,” in which the modifications to cup and bob 
suggested by Lindsley and Fischer (1947-1950) were 
incorporated. For ease of manipulation of the 
viscometer, suspensions containing 10 per cent bento- 
nite, 90 per cent water were used. To these suspen- 
sions were added the equivalent of 0.01, 0.10, 0.50, 
1.00, 2.50, 5.00 and 10.0 g. of anhydrous reagent for 
30 g. of bentonite. The reagents chosen were, as far 
as possible, sodium salts of the particular acid. The 
reagents added were: 


Group I ; 
Sodium salts of both weak and'strong acids 


acetate, carbonate, chloride, citrate, formate, sul- 
fate and tartrate. 


Group II 
“Wetting-agents” of the sodium dodecyl benzene 


sulfonate type. 


Group III 
Organic and inorganic reducing agents, as well as 


salts of nonreducing agents. Sodium salts of gallic, 
succinic, benzoic, salicylic and oleic acids; resor- 
cinol, catechol, hydroquinone, pyrogallic acid, o-, 








Fig. 7 — Differential thermal analysis curves for ben- 
tonite treated with various phosphates. All curves — 
Western Wyoming, Black Hills, bentonite. (A) un- 
treated, (B) treated with sodium pyrophosphate, (C) 
treated with tri-sodium ortho phosphate, (D) treated 
with disodium hydrogen ortho phosphate, (E) treated 
with sodium dihydrogen ortho phosphate and (F) 
treated with sodium hexa meta phosphate. 


m- and p- amino phenol; hydrazine sulfate, 
hydroxylamine hydrochloride, sodium hydrogen 
sulfite, sodium sulfite and pyruvic acid. 

Group IV 
Sodium salts of 
phosphates. 


meta-, ortho-, and _pyro- 


The treated bentonite suspensions were allowed to 
stand 48 hr so that all exchange reactions would be 
completed. Viscosity determinations were carried out 
at varying rates of shear to permit the determina- 
tion of a “Bingham yield value” (green and Welt- 
mann, 1946). These yield values were then used as 
an index to viscosity, and were plotted against the 
amount of added reagent. The pH values of the 
treated suspensions were determined using a Cam- 
bridge Universal pH meter. 


GENERAL CONCLUSIONS 


The effects of the addition of the various types 
of reagents to clay suspensions may be summarized: 

The salts of weak acids increase the viscosity of 
clay suspensions probably because of an interaction 
between the anion and the adsorbed cations which 
are replaced from the clay lattice by the sodium ions. 
This is probably followed by precipitation of the 
compounds formed, resulting in a decrease in vis- 
cosity. 

Wetting agents of the dodecyl benzene sulfonate 
type do not affect the viscosity to any extent, but 
do assist in the dispersion of the bentonite during 
the preparation of the suspensions. 

The “photographic developer” type of reagent re- 
duces the viscosity of bentonite suspensions, presum- 
ably because of their reducing characteristics, which 
enable them to combine with oxygen adsorbed on to 
the clay particles, though they themselves are not 
adsorbed on to the clay lattice. Pyruvic acid reduces 
the viscosity of clay suspensions, possibly because of 
the formation, with adsorbed cations, of co-ordination 
compounds which later are coagulated. 
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Phosphates are adsorbed on to the clay lattice, re- 
sulting in the exclusion of interlayer and _ lattice 
water and stabilization of the complex to tempera- 
tures in excess of 1100 C (2012 F). 

There is no direct relationship between viscosity 
and pH of the suspensions, since it is possible to 
increase or decrease the viscosity without altering 
the pH. 
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ALUMINUM ALLOY TEST 
BAR CASTING TEMPERATURE 


EFFECT ON PROPERTIES 


by J. W. Meier and A. Couture 


ABSTRACT 


After a recapitulation of the role of separately cast 
test bars in checking the melt quality and the response 
to heat treatment, a general review is presented on the 
effects of pouring temperature, maximum melt temper- 
ature and prolonged holding time on the properties of 
aluminum sand casting alloys. Separately cast test bars 
can be used successfully for melt quality evaluation 
only if they are cast under standardized and strictly 
controlled conditions. To accomplish this, they should 
be cast at the most suitable temperatures, independent 
of the pouring temperature of the production castings. 

The aim of the present investigation was to evaluate 
the effect of various pouring temperatures on the me- 
chanical properties, the grain size and the porosity 
(density) of separately cast test bars in six commonly 
used commercial alloys. Consideration was also given to 
the effects of overheating of the melt and of prolonged 
holding times at three temperature levels. The results 
showed that higher pouring temperatures affect marked- 
ly (although in varying degree) the properties of alloys 
C4, G10, S5 and SC51, but have little or no effect on 
alloys SG70 and ZG61. Overheating or prolonged hold- 
ing times have no lasting effect on the properties of 
alloys S5, SC51, SG70 and ZG61, provided a proper 
pouring temperature is used. Properties of bars from 
overheated alloy C4 melts could not be completely 
restored, and no recovery whatever could be obtained 
for alloy G10 melts. 

It is concluded that the maximum melt temperature 
and the pouring temperature for separately cast test 
bars in alloys C4 and G10 should not exceed 720C 
(1330 F), if consistent and comparable results are to 
be expected. For the other alloys, the use of a standard- 
ized pouring temperature (or temperature range) is 
essential to ensure effective melt quality control. 


INTRODUCTION 


The perennial dispute over the usefulness of sep- 
arately cast test bars for the evaluation of the quality 
of castings was discussed in an earlier paper.! It was 
emphasized that separately cast test bars are not in- 
tended to represent the properties of production cast- 
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ings and should be -used only to check the melt 
quality, or the response to heat treatment, of the 
material of which the castings were made. 

Table 11 illustrates the significance of test results 
obtained on the different kinds of test bars, as re- 
lated to the properties of production castings. This 
table shows that there is no compromise: either sep- 
arately cast test bars under strictly controlled casting 
procedure should be used (a) and assess the melt 
quality, or cut production castings into test bars (f) 
to check the actual properties of these castings. All 
other ways (b-e) are useless and, in most cases, mis- 
leading. Indeed, they are often detrimental to the 
quality of the production casting, because cast-on 
additions may change the solidification pattern and 
cause defective castings. 

The designers and users of castings are, of course, 
interested only in the actual properties of the cast- 
ings. Metallurgists and foundrymen generally agree 
that the only way to guarantee high quality and 
consistent properties of production castings is by 
strict control of all melting, casting and heat treating 


TABLE 1— CORRELATION OF TEST BAR AND 
CASTING PROPERTIES 





Are Test Bar Properties Correlated 








with 
Melt 
Type of Test Bar Quality Properties of Casting 
a) Separately cast under Yes No 
controlled (standard- 
ized) casting condi- 
tions 
b) Separately cast with- Unlikely No 
out control of cast- 
ing variables 
c) Joined to same sprue No No 
as casting 
d) Cast on the casting No No 
e) Machined from cou- No No 
pon cast on the 
casting 
f) Cut out from the cast No Depends on casting de- 
casting sign (thermal gradient) 


—in most cases, correla- 
tion is limited to section 
from which test bar was 
taken. 
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operations, and by checking the melt quality on test 
bars cast separately from the same melt as the pro- 
duction castings. 

This is also the basis of international standardi- 
zation of casting alloys, recently adopted by ISO/ 
TC 792 at the June 1958 meeting at Harrogate, Eng- 
land. A free translation of part of Resolution 33 
may be of interest: 

The mechanical properties of a casting are determined 
by the casting procedure used. For this reason it is 
practically impossible to use standard test bars (a) to re- 
produce the mechanical properties of the casting or (b) to 
represent general casting conditions applicable to all the 
different casting methods. 

That is why it is customary to establish the melt 
quality of the metal used to make the castings by deter- 
mining the mechanical properties of separately cast test 
bars produced under strictly controlled conditions. 

In general, it is not expected that the mechanical prop- 
erties obtained from such test bars will be reproduced in 
all parts of the castings that the test bars represent, be- 
cause of complexity of shape, variation in wall thickness, 
location of risers or chills, etc. However, by special found- 
ry techniques, it is often possible to obtain, in specified 
parts of the casting, mechanical properties approaching 
or even exceeding those of the separately cast test bar. 

The form and dimensions of test bars must be standard- 
ized, and the test bars must be cast under standard con- 
ditions including gating design. 

It should be particularly stressed that the full 
value of melt quality evaluation can be achieved 
only if the test bars are cast under standardized and 
strictly controlled conditions. As shown earlier,! there 
are almost 50 variables affecting the results of me- 
chanical tests on cast test bars. They are related to 
the alloy composition, melting conditions, casting 
procedure, casting design, heat treatment, test bar 
preparation and some testing variables. 

The main purpose of this paper is to discuss one 
of the most important factors affecting the melt qual- 
ity, namely, the pouring temperature. The full sig- 
nificance of this variable can be assessed only if 
the thermal history of the melt, especially the max- 
imum melt temperature and the holding time, is 
known. These three variables are interdependent 
and have a cumulative effect on the properties of 
the castings. A considerable number of papers on 
this subject have been published in the past 50 
years, and a selected list of references is given at the 
end of this paper.3-22 


GENERAL CONSIDERATIONS 


Pouring Temperature 

Most foundrymen are aware of the importance of 
the proper choice and strict control of the pouring 
temperature. It is accepted that the best one for 
most aluminum alloys is the lowest temperature at 
which a sound casting can be produced and that, 
usually, the mechanical properties decrease with the 
increasing pouring temperature. There are some ex- 
ceptions: for example, alloy ZG61* shows—as do most 
magnesium-base alloys—optimum tensile properties 
when poured at a temperature somewhat higher than 





*Designations of alloys and tempers used throughout the 
paper are according to C.S.A. Codes H.1.1-1958 (alloy designa- 
tions) and H.1.2-1958 (temper designations). 
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the lowest possible;12.21 Hurren* reports similar be- 
havior for alloy CN42 (“Y” alloy). 

There are numerous references on the effect of 
pouring temperature on the mechanical properties 
of aluminum casting alloys.3-22 In most cases, the 
decrease of mechanical properties with rising pour- 
ing temperature has been attributed to the increase 
in grain size. A close correlation of mechanical prop- 
erties with grain size has been reported for various 
alloys.13,17,23 

Colton and LaVelle?° do not believe that lower 
mechanical properties of castings are due to large 
grain size, and state that the decrease in strength 
and ductility is due to increased shrinkage and gas 
porosity caused by higher temperature. The large 
grain size, they say, is also caused by high tempera- 
ture, but this is merely a concurrent phenomenon 
not the cause of poor properties. They found that 
test bars of equal soundness have equal properties, 
regardless of the grain size within a 10-15 fold range. 

Ruddle and Cibula?? state that in cast alloys of 
cubic structure the influence of grain size, per se, 
is negligible. Nevertheless, the mechanical proper- 
ties are affected by the grain size, because of its in- 
fluence on the shape and magnitude of the shrink- 
age voids, inevitably present to some extent in cast- 
ings of long-freezing-range alloys. The effect of grain 
coarsening upon tensile properties may, therefore, 
be attributed to variation in the size and particu- 
larly in the shape of the voids, the increase in the 
total volume of voids being a minor factor.17 

To overcome the effects of grain coarsening at 
higher temperatures, the use of more effective grain 
refiners has been recommended. 15-17.19 


Melt Temperature 

The maximum melt temperature, i.e., the highest 
temperature reached by the molten alloy during the 
melting or refining operations, is considered as an- 
other important factor affecting melt quality. In gen- 
eral, it has been found that overheating of the melt 
is deleterious to the mechanical properties and grain 
size of aluminum casting alloys.4-7-910,16,17,21,22 
Cooling the melt down to a low pouring tempera- 
ture may, in some alloys, restore partly or completely 
the properties of the casting. In more sensitive al- 
loys (C4 and G10), a complete recovery of the melt 
quality can be achieved only by solidification (in- 
gotting) and remelting.5-9.10,12,16 

Quadt!* reported that he never experienced dele- 
terious effects of overheating on the properties of 
commonly used commercial casting alloys if a low 
pouring temperature was used. In the present in- 
vestigation, this observation was confirmed for al- 
loys S5, SC51, SG70 and ZG61. However, the re- 
covery of alloy C4 melts was found to be incomplete 
(Fig. 2), and no recovery after overheating could 
be obtained for alloy G10 (Fig. 3). 


Holding Time 

It is always desirable that the holding time, i.e., 
the time the alloy is kept in the molten state before 
pouring, be as short as possible. In commercial found- 
ry practice this cannot be consistently obtained, be- 
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cause of unforeseen delays in mold preparation, or 
similar operational shortcomings. It is essential, there- 
fore, to know how such prolonged holding times, 
at various melt temperature levels, affect the prop- 
erties of the castings. 

Hurren* found that the effect of prolonged heat- 
ing on tensile properties was only slight, but re- 
ported a greater influence on the resistance to re- 
peated impact. Bossert5 investigated holding times 
up to 24 hr and found that soaking at 715 C (1320 F) 
did not affect the melt quality. However, he found 
that soaking at 790 C (1455 F) resulted in considerable 
grain coarsening. Cibula1® found that prolonged 
holding of a C4 melt at 760C (1400F) caused a 
marked grain coarsening, and reports that to restore 
the original grain size the melt had to be superheated 
to 975C (1785 F), solidified and remelted. 


Gas Content 

The deleterious effect of gas content on the me- 
chanical properties of aluminum alloy castings is 
well known,24-27 and the necessity of a thorough 
melt degassing operation in the production of qual- 
ity castings is today generally recognized. Chlorine, 
nitrogen and various proprietary compounds are used 
for degassing aluminum alloy melts at temperatures 
below 720C (1330F). Degassing should be contin- 
ued until a gas content test, e.g., the commonly used 
reduced pressure solidification test, shows that the 
melt is substantially gas free. 

An interesting additional aid in testing the gas 
content by quick determination of the density of a 
constant volume sample has recently been proposed 
by Sulinski and Lipson.?8 


POURING TEMPERATURE FOR TEST BARS 


In considering the pouring temperature for sep- 
arately cast test bars, it should be borne in mind 
that the only reason for using these test bars is to 
check the quality of the melt under standardized 
conditions. To accomplish this, test bars should be 
cast at the most suitable temperature, independent 
of the pouring temperature of the production cast- 
ings. The proper temperature to provide the most 
effective solidification conditions for the test bars 
has to be established and standardized for each alloy 
composition. 

Unfortunately, the choice of the casting temper- 
ature is sometimes limited by specification clauses; 
e.g., the U.S. Federal Specification QQ-A-60 Ib (1957) 
requires that “the temperature of the metal while 
pouring test bars shall not be lower than 20 F (11 C) 
below the temperature at which the casting is 
poured.” There is, however, an alternative require- 
ment, that, if the pouring temperature of the cast- 
ings is above 760 C (1400 F), specific approval must 
be obtained from the procuring agency. 

Colton and LaVelle,2° commenting on the above 
clause, remark that if all the properties in the spec- 
ification are based on results from bars cast at a 
temperature of 675 C (1250 F), it will be difficult to 
obtain the same properties with metal poured at 
760 C (1400 F). They propose, therefore, that if the 
castings are of such a shape or complexity that it is 


necessary to pour at 760C (1400F) or higher, the 
portion of metal that is left for test bars should ‘e 
allowed to cool down to at least 705C (1300F) be. 
fore the test bars are poured. 

The purpose of the present investigation was ‘o 
evaluate the effect of various pouring temperatures 
on the mechanical properties, the grain size and the 
porosity (density) of separately cast test bars in six 
commonly used commercial aluminum alloys. Addi- 
tionally, consideration was given to the effects of 
overheating the melt and of holding times at three 
temperature levels. 


EXPERIMENTAL PROCEDURES 
AND RESULTS 


Materials and Procedures 


Most of the melts prepared in the course of this in- 
vestigation were made from commercial-quality alloy 
ingots, supplied to Canadian Standards Association 
(C.S.A.) Specification HA.3-1958 (Table 2). Excep- 
tions to this were several alloy C4 melts which were 
prepared from higher purity aluminum ingots (99.85 
per cent) with additions of commercial alloy harden- 
ers. These melts were made for comparison purposes, 
and used in the study of holding times (Table 5). 

The alloy ingots were melted down in an oil-fired 
furnace, using silicon carbide crucibles, and the melt 
sizes varied from 40 to 80 lb. No flux or grain re- 
fining additions were used. All melts were degassed 
by chlorine or nitrogen flushing (or a combination 
of both), at a temperature of 680C (1255 F), until 
results of the reduced pressure solidification test in- 
dicated gas-free metal. After degassing, a 10 min set- 
tling time was allowed at the same temperature. 

Test bars were cast to shape (Fig. 1) in green sand 
and tested without machining. This test bar design?® 
is widely used in the magnesium industry, and is be- 
ing employed in the experimental foundry for inves- 
tigation on all aluminum and magnesium casting al- 
loys (as well as on some copper-base alloys). Previous 
work3° showed that this test bar design gives reliable 
and consistent results, and is more sensitive to melt 
quality variations than are any of the other test bar 
designs used in Great Britain or the U.S.A. The grain 
size gradient reported by Quadt for a similar four-bar 
design! has never been observed in any of the many 


TABLE 2— CHEMICAL COMPOSITION OF 
ALLOY INGOTS* PER CENT 











a Alloy Designation** 
% C4 G10 $5 SC51 SG70 ZG6l 
Cu 4.0-5.0 0.10 0.10 10-15 0.20 0.30 
Fe 0.80 0.20 6.60 0.50 0.40 0.75 
Mg 0.08 95-106 — 0.40-0.60 0.20-0.40 0.55-0.70 
Mn 0.30 0.10 0.10 0.30 0.10 0.30 
Si 12 0.20 4.56.0 45-55 6.5-7.5 0.25 
Ti 0.20 0.20 0.20 0.20 0.20 0.15-0.30 
Zn 0.10 0.10 0.10 0.10 0.10 5.0-6.0 
Cr - - _ _ —  0.40-0.60 

Unless range is shown, single values are the maximum amounts 

permitted. 


“According to C.S.A. Specification HA.3-1958. 
**According to C.S.A. Code H.1.1-1958. 











alloys used in our laboratories during the past 15 
years. 

Solution heat treatments (Table 3) were carried 
out in a circulating-air furnace heated electrically 
and controlled to +2C; boiling water was used as 
quenching medium. Aging treatments (Table 3) were 
carried out in an electric oven with air circula- 
tion and close temperature control (to +1(C). ZG61 
alloy bars were not heat treated and were tested after 
21 days of room temperature aging. 

Density measurements were made on the grip ends 
of the test bars. The density values given in the 
graphs and tables are averages from a series of meas- 
urements on a number of test bars cast for the var- 
ious experimental conditions. It should be mentioned 
that the scatter of individual density values was sur- 
prisingly small, so that the average figures are truly 
representative of the condition. 

In all graphs and tables, only average values of 
mechanical properties are given because scatter bands 
would unnecessarily obscure the picture. In all cases, 
the scatter of individual results was well within the 
limits expected for castings produced under con- 
trolled laboratory conditions. 


Chemical Composition 

To evaluate the effect of variations of pouring tem- 
peratures and holding times on the chemical compo- 
sition of the alloys, two samples for chemical analy- 
sis were taken from each melt. One sample was taken 
from test bars cast in the first mold, and the other 
from test bars cast in the last mold. 

The ranges of analytical results obtained from cast- 
ings representing all melts are listed in Table 4. 
The results show that the first six alloy compositions 
were well within the specification limits. Alloy ZG61 
had a slightly higher magnesium content and a some- 
what low chromium content, but this did not affect 
the level of mechanical properties obtained in this 
investigation. 

A close review of all results showed that the vari- 
ations in pouring temperatures up to 820C (1510 F), 
and in holding times up to 2 hr in this temperature 
range, had no significant effect on the chemical com- 
position of any of the alloys investigated. 


Pouring Temperature 
Figures 2 to 7 illustrate the effect of variations of 
pouring temperature on the properties of separately 
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Fig. 1— Test bar design according to U.S. Federal 
Specification QQ-M-56. 


cast test bars for six commercial aluminum casting 
alloys. The first series of results, as shown by the 
graphs presented on the left side, was obtained from 
melts with increasing pouring temperatures. The 
second series, as shown by the graphs on the right 


TABLE 3— HEAT TREATMENTS AND PROPERTIES 
FOR SEPARATELY CAST TEST BARS* 





Alloy Designation** 








Properties C4-T6 GI10-T4 S5-F SC51-T6 SG70-T6 ZG61-Ft 
Heat Treatment 

Temp, C 515 435 525 535 — 

Time, hr 16 20 — 16 16 - 
Aging 

Temp, C 160 - ~ 160 160 — 

Time, hr 4 - - 4 4 - 
Minimum 

UTS, psi $2,000 42,000 17,000 32,000 30,000 $2,000 

0.2% YS, psi 20,000 22,000 _ 20,000 20,000 22,000 

Elong., % 

in 2 in. 8 12 3 2 $ 3 


*According to C.S.A. Specification HA.9-1958 
** According to C.S.A. Codes H.1.1-1958 and H.1.2-1958 
*Room temperature aged for 21 days 





TABLE 4— RANGES OF ANALYTICAL RESULTS, PER CENT 











Alloy Range, % 
Designation* Cu Fe Si Ti 
Gere. 4.69-4.76 0.37-0.38 0.75-0.78 0.11-0.12 i 
nS 4.62-4.82 0.15-0.18 0.46-0.53 0.10-0.12 = 
= the le 0.12-0.17 10.09-10.58 0.06-0.10 0.01-0.01 ne 
Et ea on 0.25-0.27 4.88-5.00 0.08-0.09 ios 
et RR LER a 1.23-1.32 0.32-0.35 0.45-0.52 4.98-5.15 0.11-0.13 - 
eee hee 0.25-0.30 0.30-0.35 6.78-7.55 0.13-0.17 - 
z Cc 
no. 0.15-0.19 0.44-0.47 0.65-0.75 shonin, 0.12-0.16 en. Me 
5.22-5.68 0.27-0.46 


*According to CSA Code H.1.1-1958 
**C4 Commercial alloy ingots 


C4X Alloy prepared from higher purity aluminum and commercial alloy hardeners. 
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In the second series, the melt was degassed at 680 C 
(1255 F), and after a 10 min settling time at this 
temperature the first bars were cast at the normal 
pouring temperature: for the first five alloys, 670 C 
(1240 F); for alloy ZG61, 730C (1345 F). The melt 
was returned to the furnace, heated to 820C (1510 F), 
and removed from the furnace. The second set of 
test bars was cast immediately, and the next castings 
were made when the metal cooled down to the 
lower pouring temperatures (Figs. 2 to 7). 


Holding Time 

Tables 5 to 10 present the results on the effect of 
holding time, at three levels of temperature, on the 
properties of separately cast test bars for six com- 
mercial aluminum casting alloys. The melting proce- 


4 
660 640°C 
1220 1165°F 


dure used in these series was similar to that used in 
the investigation on pouring temperatures. In the first 
series the alloy ingots were melted down, heated rap- 
idly to 680C (1255 F), degassed, and kept for 10 min 
to settle. The first test bars were cast at that temper- 
ature, and the melt was returned to the furnace and 
kept for 30 min at 680C (1255 F) before casting the 
next test bars. This was repeated until a total holding 
time of 2 hr was reached. 

In the second and third series, the same procedure 
was used for the first casting, then the metal was 
heated to the higher temperature (740C or 800 C) 
and, after casting the second set of test bars immedi- 
ately, kept at that temperature for the various holding 
times. After reaching the 2 hr holding time and cast- 
ing the sixth test bar set, the melt was cooled down 
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TABLE 5— HOLDING TIME EFFECT (C4X-T6) 
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TABLE 7— HOLDING TIME EFFECT (S5-F) 





























Pouring Temperature Holding 
Cc F Time,min UTS*® YS*® E*® GS* D* 
680 1255 0 206 75 130 35 2.689 
30 208 7.7 140 35 2.691 
60 20.3 76 125 25 2.690 
90 205 76 13.0 30 2.691 
120 205 78 135 30 2.691 
680 1255 0 206 74 140 25 2692 
740 1365 0 262 80 135 40 2.682 
30 202 74 140 30 2.682 
60 203 76 145 30 2.686 
90 202 7.1 13.0 30 2.68% 
120 196 78 100 35 2.679 
680 1255 0 20.2 80 120 30 2.681 
30 208 78 145 30 2.691 
680 1255 0 205 6.7 15.0 35 2.691 
800 1470 0 178 69 9.0 30 2.644 
30 i738 = 7.1 8.5 60 2.645 
60 170 67 65 70 2.648 
90 176 7A 7.0 80 2.662 
120 182 7.3 90100 2.661 
680 1255 0 200 74 130 70 2.690 
30 20.0 7. 12.0 50 2.690 





Pouring Temperature Holding 
. F Time,min UTS* YS* E* GS* D* 
680 1255 0 48.4 30.7 60 10 2.80) 
30 464 313 50 10 2.802 
60 484 $23 55 10 2.802 
90 46.7 32.1 50 10 2.802 
120 479 323 40 10 2.802 
680 1255 0 47.7 309 80 8 2.800 
740 1365 0 44.0 29.7 60 10 2.794 
30 45.0 304 65 15 2.790 
60 40 3153 55 1 2701 
90 #27 SHA 55 1 27 
120 a7 wi. we Bae 
680 1255 0 434 309 60 12 2.797 
30 47.5 31.1 80 10 2.800 
680 1255 0 466 310 60 10 2.798 
800 1470 0 413 02 45 15 2780 
30 38.4 304 3.0 18 2.776 
60 38.0 298 2.0 20 2.775 
90 998 205 85 2 2774 
120 404 S312 45 15 2.775 
680 1255 0 40.0 32.0 35 12 2.790 
30 $5 S7 88 12 2707 
*UTS — Ultimate Tensile Strength in 1000 psi 
YS —0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 
to the original pouring temperature of 680C 


(1255 F). One test bar set was cast immediately, and 
another one after additional settling for 30 min. 
These last two castings were made to determine 
whether the original test bar properties (which in 
most cases decreased appreciably at the higher tem- 
peratures) could be restored by using a low pouring 
temperature. 


TABLE 6— HOLDING TIME EFFECT (G10-T4) 








*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 





It should be mentioned here that the 10 min set- 
tling time, used in all melts after the degassing oper- 
ation, was not included in the holding times listed in 
Tables 5 to 10. 


Melt Temperature 
The effect of overheating the melts to 820C 
(1510 F) on the properties of separately cast bars is 


TABLE 8— HOLDING TIME EFFECT (SC51-T6) 


























Pouring Temperature Holding 

Pouring Temperature Foiding C F Time,min UTS* YS* E* GS* D* 
Cc F Time, min__UTS® Ys° _E* Gs°_*° 680 1255 0 f12 333 30 20 2707 
680 1255 0 54.0 276 286 15 2.567 30 40.7 338 $0 20 2.705 
30 546 279 304 15 2.567 60 40.7 344 $0 20 2.705 

60 55.9 274 316 15 2.568 90 412 346 25 30 2.708 

120 55.2 270 322 15 2568 120 418 349 30 20 2.707 

680 1255 0 50.3 274 185 12 2.564 680 1255 0 414 332 25 20 2.708 
740 1365 0 494 268 15.0 15 2.560 740 1365 0 40.0 332 3.0 30 2.704 
30 43.3 276 90 20 2.559 30 40.8 342 20 30 2.700 

60 422 262 75 20 2.560 60 402 328 25 30 2.701 

90 416 259 80 20 2.562 90 39.9 33.0 25 30 2.700 

120 415 263 90 20 2.563 120 39.2 33.5 30 30 2.697 

680 1255 0 43.4 262 90 15 2.565 680 1255 0 39.1 332 3.0 20 2.700 
30 425 260 75 15 2.565 30 38.0 34.0 20 20 2.700 

680 1255 0 52.1 28.0 250 15 2.565 680 1255 0 418 341 25 30 2.706 
800 1470 0 36.5 258 85 50 2.534 800 1470 0 38.2 328 20 50 2.690 
30 34.3 254 7.0 60 2.522 30 342 298 20 80 2670 

60 33.2 253 7.0 60 2.528 60 34.8 30.1 20100 2.678 

90 33.4 256 7.5 70 2.527 90 34.3 30.3 2.0120 2.677 

120 34.2 259 60 80 2.534 120 334 304 10120 2.68) 

680 1255 0 38.0 27.1 9.0 70 2.548 680 1255 0 39.0 325 3.0 30 2.693 
30 38.5 259 80 50 2.556 30 40.3 320 3.0 30 2.709 





*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm 
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TABLE 9— HOLDING TIME EFFECT (SG70-T6) 








TABLE 10— HOLDING TIME EFFECT (ZG61-F) 





Pouring Temperature Holding 





Pouring Temperature Holding 























C F Time,min UTS* YS* E* GS* D* Cc F Time,min UTS* YS* E* GS* D* 
680 1255 0 $8.4 305 3.0 30 2.680 680 1255 0 $6.4 254 40 15 2.80 
30 $8.0 322 3.0 20 2.680 30 $69 253 50 15 2.802 

60 $8.0 323 3.0 20 2.679 60 $6.2 256 50 15 2.805 

90 37.7 33.5 40 20 2.680 90 $6.8 254 4.0 15 2.805 

120 $8.0 329 30 20 2.679 120 $6.4 256 4.0 15 2.80: 

680 1255 0 $75 300 3.5 30 2.681 680 1255 0 $5.8 263 40 15 2.803 
740 1365 0 37.1 30.4 3.5 40 2.680 740 1365 0 36.6 265 50 15 2.804 
30 36.4 289 3.5 50 2.674 30 $6.4 262 4.5 30 2.804 

60 $5.8 288 3.5 60 2.668 60 $6.2 274 50 30 2.802 

90 36.6 276 45 70 2.671 90 $5.7 278 45 30 2.805 

120 $6.2 286 4.5 80 2.669 120 $7.0 275 50 30 2.804 

680 1255 0 35.8 303 40 20 2.669 680 1255 0 $65 279 4.5 20 2.805 
30 $6.2 31.3 3.5 30 2.677 30 $4.4 276 40 15 2.802 

680 1255 0 36.2 30.1 3.0 30 2.680 680 1255 0 $58 263 35 15 2.803 
800 1470 0 36.4 293 3.0 50 2.674 800 1470 0 $7.8 25.4 50 20 2.798 
30 $4.8 276. 3.0 60 2.658 30 $6.3 254 60 30 2.797 

60 346 264 3.0 60 2.656 60 36.4 276 5.0 30 2.793 

90 $3.8 27.3 3.0 60 2.645 90 $56 284 5.0 30 2.794 

120 34.55 28.5 3.0 60 2.655 120 37.0 274 55 20 2.790 

680 1255 0 35.5 286 3.0 20 2.667 680 1255 0 $56 263 4.0 15 2.800 
30 $5.0 274 40 15 2.799 


30 36.1 29.7 40 30 2.680 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in- 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 





illustrated in the graphs on the right side of 
Figs. 2 to 7. 

The combined effect of overheating and prolonged 
holding time on the properties of separately cast bars 
is shown in Tables 5 to 10. 


Cast Plates 


To check results obtained on separately cast test 
bars, four melts of alloys C4X, G10, SG70 and ZG61, 
respectively, were sand-cast into 4144x6xl% and 
414 x 6x 114-in. plates. In each case the melt was held 
for 10 min at the normal pouring temperature of the 
alloy before pouring the first series of castings. The 
melt was returned to the furnace, heated to 800C 
(1470 F), and held at this temperature for 15 min. 
After pouring a second series of castings at 800 C 
(1470 F), the melt was cooled down to the normal 
pouring temperature and held at this temperature for 
30 min before pouring the third series of castings. 

Tables 11-14 present the results obtained on sepa- 
rately cast test bars and on test bars machined from 
the plates. Some of the tensile property results from 
cast plates, especially in alloys G10 and SG70, were 
below average values obtainable for such castings. A 
repetition of these melts was considered unnecessary, 
because the variations of the properties, due to 
changes of the melt temperature, confirmed the trends 
noted in the evaluation of separately cast test bars. 


RESULTS 


Al-4 Per Cent Cu Alloy (C4 and C4X) 


The marked effect of increasing pouring temper- 
atures on the properties of alloy C4-T6 test bars is 
shown in Fig. 2. Increasing pouring temperatures are 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 





responsible for a steady decrease of ultimate tensile 
strength, elongation and density, as well as for grain 
coarsening. The right-hand graphs clearly demon- 
strate that considerable deterioration of tensile prop- 
erties is caused by overheating the melt to 820C 
(1510 F), and that only a partial recovery of the melt 
quality can be achieved by cooling down to a low 
pouring temperature. It should be noted that the 
right-hand graphs indicate only a partial recovery of 
the mechanical properties and the density, in spite of 
the complete recovery of the grain size. 

Table 5 shows the effect of holding time at three 
temperature levels on the properties of C4X-T6 
(higher-purity alloy) test bars. Holding up to 2 hr at 
680 C (1255 F) has no effect on the properties. Hold- 
ing the melt at 740 C (1365 F) slightly affects the test 
bar properties. A full recovery can be achieved by 
lowering the melt temperature and holding the melt 
for some time at this temperature before pouring. 


TABLE 11— MELT TEMPERATURE EFFECT (C4X-T6) 





Pouring Temperature 





Type of 











Casting C F UTS*® Ys° E®* Gs* »D* 

Separately 680 1255 48.8 310 7.0 8 2.796 
cast test 800 1470 439 $318 65 15 2.777 
bars 680 1255 46.8 33.5 7.0 10 2.794 
Y-in. 680 1255 446 314 7.5 8 2.786 
thick 800 1470 366 284 30 12 2.762 
plate 680 1255 485 300 75 8 2.783 
1y-in. 680 1255 $54 275 $0 8 2:78 
thick 800 1470 2.1 23.1 25 15 2.751 
plate 680 1255 35.0 269 25 10 2.778 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 
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TABLE 12 — MELT TEMPERATURE EFFECT (G10-T4) 





Pouring Temperature 














Type of 

Casting Cc F UTS*® YS* E* Gs* p* 
Separately 680 1255 529 275 275 15 2562 
cast test 800 1470 40.1 28.0 80 40 2.556 
bars 680 1255 416 29.1 8.0 40 2.260 
Yo-in. 680 1255 35.7 27.4 7.0 15 2.562 
thick 800 1470 28.3 24.4 3.5 40 2.553 
plate 680 1255 $2.0 263 5.5 30 2.558 
li4-in. 680 1255 33.7 245 70 20 2.547 
thick 800 1470 289 219 7.0 40 2.513 
plate 680 1255 30.1 23.1 60 40 2.521 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 





Holding at 800 C (1470 F) causes a serious decrease in 
test bar properties, similar to that shown in Fig. 2. 
Lowering the melt temperature, and holding the melt 
at a low temperature, restored the melt quality only 
partly, although the density returned to its original 
value. 

Table 11 lists the results obtained on cast plates. 
Although the recovery of the original properties is 
almost complete, it should be noted that in this ex- 
periment the exposure of the melt to the high tem- 
perature was much shorter than in the earlier ex- 


TABLE 13— MELT TEMPERATURE 
EFFECT (SG70-T6) 





Pouring Temperature 














Type of 

Casting Cc F UTS? Fc b> 
Separately 680 1255 36.2 285 35 15 2.681 
cast test 800 1470 374 286 5.0 50 2.680 
bars 680 1255 374 285 50 15 2.681 
Yg-in. 680 1255 33.2 294 20 15 2.678 
thick 800 1470 332 292 25 60 2.676 
plates 680 1255 34.1 286 35 15 2.678 
114-in. 680 1255 $12 282 15 30 2.674 
thick 800 1470 27.2 27.0 10 60 2.664 
plates 680 1255 30.1 268 20 20 2.679 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 





TABLE 14— MELT TEMPERATURE 
EFFECT (ZG61-F) 

















Type of Pouring Temperature 

Casting Cc F UTS*® YS*® E® Gs* pD* 
Separately 730 1345 36.8 264 50 20 2.809 
cast test 800 1470 $8.5 262 5.5 20 2.808 
bars 730 1345 $84 264 5.5 20 2.808 
Y-in. 730 1345 $29 264 4.5 15 2.801 
thick 800 1470 $3.7 26.7 45 15 2.795 
plates 730 1345 $319 248 40 15 2.790 
1\4-in. 730 1345 299 25.1 2.5 20 2.790 
thick 800 1470 29.7 24.7 3.0 20 2.778 
plates 730 1345 299 25.1 3.0 20 2.791 


*UTS — Ultimate Tensile Strength in 1000 psi 
YS — 0.2% Yield Strength in 1000 psi 
E — Elongation in 2 in., % 
GS — Average Grain Diameter in 0.001 in. 
D — Density in g/cm3 
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periments (Fig. 2 and Table 5) and higher purity 
metal was used. 

It should be added here that during the present 
investigation it was found that C4 alloy melts pre- 
pared from high purity metals were much less sensi- 
tive to higher temperatures than those made from 
commercial ingots. A similar observation was also 
made on G10 alloy melts, but the difference was less 
pronounced and full recovery of melt quality after 
overheating was never obtained. 


Al-10 Per Cent Mg Alloy (G10) 

The left-side graphs in Fig. 3 show that the prop- 
erties of aluminum casting alloy G10-T4 are not 
affected by pouring temperatures below 720C 
(1330 F). Above this temperature, and especially 
above 740C (1365 F), the ultimate tensile strength, 
elongation and density values decrease rapidly, ac- 
companied by a marked grain coarsening. 

The right-side graphs illustrate the effect of over- 
heating the melt to a high temperature 820C 
(1510 F) and pouring at successively lower tempera- 
tures. Although the density and, to a greater degree, 
the grain size show improvement at lower pouring 
temperatures, the tensile properties remain un- 
changed at the low level caused by overheating. 

The same pattern of behavior is shown in Tables 
6 and 12. Holding the melt at higher temperatures 
causes a marked decrease in ultimate tensile strength 
and elongation. The melt quality cannot be restored 
by cooling down to a low pouring temperature, and 
no significant improvement could be obtained by pro- 
longed holding at low temperature 680C (1255 F). 
It should be noted (Table 6) that in the melt held 
at 740C (1365 F) the grain size showed some im- 
provement and the density was fully restored, and 
in the melt held at 800C (1470F) the density was 
appreciably improved. In both cases, however, this 
had little effect on the tensile properties. 


Al-Si Alloy (S5, SC51, SG70) 

As may be seen from Fig. 4 and Table 7,'the prop- 
erties of alloy S5-F test bars are significantly affected 
by variations in the pouring temperature and by 
holding at 800C (1470F), but complete recovery 
from the ill effects of overheating can be achieved 
by cooling down the melt to a low pouring temper- 
ature. 

Figure 5 and Table 8 demonstrate a similar be- 
havior for alloy $C51-T6, although the decrease in 
properties at higher pouring temperatures is much 
less pronounced. 

Figure 6 shows no significant effect of melt or 
pouring temperature variations up to 820C (1510 F) 
on the tensile properties of alloy SG70-T6 test bars, 
in spite of marked changes in density and especially 
in grain size. Table 9 shows a slight decrease in 
tensile properties after holding the melt at 800C 
(1470 F), but they are completely restored at low 
pouring temperature. Table 13 shows a similar trend 
in results obtained on cast plates. 

In the case of alloys $5 and SC51, a decrease in 
mechanical properties is usually accompanied by an 
increase in grain size and a decrease in density, al- 
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Fig. 8 — Comparison of mechanical properties with 
grain size and density of C4-T6. 


though a deterioration of the grain size and density 
is not always followed by a similar decrease of the 
tensile properties. 


Al-Zn-Mg Alloy (ZG61) 

The results presented in Fig. 7, and Tables 10 and 
14, demonstrate that the tensile properties of alloy 
ZG61-F are not affected by variations of melt or 
pouring temperatures between 720C (1330F) and 
820 C (1510 F), in spite of small changes in density 
and grain size. Tensile properties of test bars cast 
below 720C (1330 F) seem to be somewhat lower, 
which is in agreement with published data.11 

Grand'!8 reports that this alloy is susceptible, at 
low melt temperatures, to partial loss of chromium 
and titanium and recommends, therefore, the use 
of a pouring temperature above 710-720C (1310- 
1330 F). This would account for the somewhat low 
chromium content obtained for some melts (see Ta- 
ble 4). 


Mechanical Properties vs. Grain Size and Density 


Figures 8 and 9 present the correlation of me 
chanical properties of alloys C4 and G10 with grain 
size and density (porosity). In the case of alloy C4, 
separate curves show also the effect of purity of the 
metal, although the trend of the curves is the same 
for both purities. In comparing these graphs, it 
should be noted that different scales were used be- 
cause of the greater range of results obtained for 
alloy G10. 

These two graphs indicate that the ultimate ten- 
sile strength and the elongation decrease appreciably 
with increasing grain size and decreasing density. 
The curves for alloy G10 show that its properties 
decrease more rapidly than those of alloy C4, and 
attain a critical point beyond which practically no 
further decrease of tensile properties can be observed. 

The relation of mechanical properties with grain 
size was illustrated graphically in earlier publica- 
tions, both for alloy C417 and for alloy G10.23 The 
graphs shown in these publications are similar to 
those presented here (Figs. 8 and 9), although the 
results obtained differ considerably, mainly because 
of the difference in the range of properties encoun- 
tered. 

Similar correlations were found for alloy S5. Al- 
loy SC51 shows a correlation between mechanical 
properties and density, but no correlation with grain 
size. There appeared to be no correlation of me- 
chanical properties with grain size or density for 
the alloys insensitive to melt overheating (SG70, 
ZG61). 

A close examination of all results obtained in this 
investigation (Tables 5-14 and Figs. 2-9) shows that 
a decrease in mechanical properties is usually ac- 
companied by an increase of the grain size and a de- 
crease of the density. On the other hand, as was al- 
ready noted in the discussions of the individual al- 
loys, in many cases a change in the grain size or the 
density is not necessarily followed by a similar change 
of the mechanical properties. 

It seems, therefore, that even in the alloys which 
are highly sensitive to the effects of melt overheating 
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(C4 and G10), the mechanical properties of cast- 


ings produced from overheated melts are affected 
by factors other than density (shrinkage and gas 
porosity) and grain size. This may involve the reac- 
tion of trace elements, residual impurities, gases, etc., 


at 


higher temperatures to produce or eliminate com- 


pounds or effects not present in melts prepared at 
lower temperatures. 


CONCLUSIONS 
The results of the present investigation may be 


summarized in the following conclusions: 


1) 


2 


6 


— 


nN 


Higher pouring temperatures affect markedly, al- 
though in varying degree, the properties of alu- 
minum casting alloys C4, G10, $5 and SC51, and 
have little or no effect on alloys SG70 and ZG61. 
Overheating or prolonged holding times have 
no lasting effect on the properties of aluminum 
casting alloys $5, SC51, SG70 and ZG61, provided 
a proper pouring temperature is used. Cooling 
down the overheated melts and using a low pour- 
ing temperature did not completely restore the 
properties of aluminum casting alloy C4, and no 
recovery whatever could be obtained for al- 
loy G10. 

Maximum melt temperatures and the pouring 
temperature for separately cast test bars in alloys 
C4 and G10 should not exceed 720C (1330 F), 
if consistent and comparable results are to be ex- 
pected (It seems, therefore, evident that, at least 
in the case of these two alloys, the proposal?° to 
cast test bars at the end of the casting operation, 
after cooling down the remaining part of the 
melt (overheated because of complexity or shape 
of castings) to a lower pouring temperature, 
would not be effective). For the other alloys, 
especially for S5 and SC51, the use of a standard- 
ized pouring temperature (or temperature range) 
is essential to ensure effective melt quality con- 
trol. 

A general correlation of mechanical properties 
with grain size and density has been shown graph- 
ically for alloys C4 and G10, which are highly 
sensitive to the effects of melt overheating, al- 
though it was noted, in some cases, that improve- 
ment in grain size or density is not necessarily 
accompanied by similar increase of mechanical 
properties of the casting. 

No correlation of mechanical properties with grain 
size or density could be established for alloys that 
are relatively insensitive to the effects of melt 
overheating. 

It seems that even in the alloys which are highly 
sensitive to the effects of melt overheating (C4 and 
G10) the mechanical properties are affected by 
factors other than density (porosity) and grain size. 
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MOLTEN METAL HANDLING 


IN DIE CASTING PLANTS 


by Victor D. Sweeney 


ABSTRACT 


The various ways metal is transferred in die casting 
plants are discussed. Special emphasis is placed on the 
use of centrifugal pumps for this purpose. Wherever 
possible illustrations are from actual operations. The 
discussion includes the various types of ladles used and 
how they are mounted. Siphoning and gravity feed by 
launder are described. Pump construction and use are 
discussed. 


INTRODUCTION 


The handling, transporting and pouring of liquid 
metal is an important phase of the foundry opera- 
tion. This becomes more apparent in casting processes 
which are highly automated, such as the die casting 
operation. Metal consumption at the die casting ma- 
chine can be so large that liquid metal is transferred 
from the melting furnace to an auxiliary and from 
there to the machine poi. Yet a large liquid metal 
requirement is by no means the sole reason for sep- 
arate breakdown or central melting. When ingot is 
charged directly to the die casting machine pot, the 
chill produces uneven casting temperatures. Segrega- 
tion also results, which is pronounced in aluminum 
alloy. 

For example: the most common aluminum die cast- 
ing alloy SC 84 which is nominally 314 per cent cop- 
per with 8 to 9 per cent silicon. This alloy also con- 
tains high melting constituents which impart de- 
sirable casting characteristics, but these cannot be 
brought into solution below 1300 F. Since the casting 
temperature used for this alloy rarely is as high as 
1200 F, these high melting constituents being heavier 
drop to the bottom of the pot without ever being in 
solution. The product at the bottom is sludge. 

Metal transfer is often a manual operation, but it 
is heavy work in an uncomfortably hot situation and 
may. not be too well nor too cheerfully performed. 
To ease this situation a number of methods of trans- 
ferring liquid metal from furnace to receptacles auto- 
mate this phase of making castings quite successfully. 


OPEN HEARTH AND SIPHON 


Open hearths are usually tapped, but the furnace 
must sit high if a ladle is to be placed under the 
tap hole. Taps are slow and can_be troublesome— 
even hazardous. Tilting furnaces are sometimes em- 
ployed. These are nearly always electric. A tilting 
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furnace must sit pretty high for convenient manual 
working. In addition, they are somewhat expensive. 
Most users seem to be satisfied, but several pumps 
have been sold for emptying these tilting furnaces in 
case of failure of either mechanism or power. 

In the die casting industry the use of the siphon 
(Fig. 1) seems to be confined to zinc alloy. This 
process is successful in quite a few plants. The knack 
to be learned is how to start the siphoning action. 
The siphon itself is nearly always a U-shaped tube. 
Usually it is made of stainless steel and is small in 
diameter. This U-shaped tybe is completely immersed 
in the pot and held by a pair of tongs. While still 
in the metal, an elongated ladle is placed over one 
end of the tube. This end is quickly taken over the 
side of the pot into a ladle. The operation is slow. A 
pump replacing a siphon performed the operation in 
one-sixth the time—seconds instead of minutes. This 
operation looks hazardous. The pipe tends to plug 


up. 





Fig. 1 — Operating siphon. 
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Fig. 2 — Ladle with-long handle. 


Sometimes the only means of transfer is the ladle 
itself. A ladle with a long handle is suspended from 
a trolley (Fig. 2). This ladle is swung into the zinc 
alloy pot and partially filled by turning. It is carried 
down the line of machines, and the handle is con- 
venient for tilting the ladle to feed the machine pots. 
There are also the stoppered ladles (Fig. 3). These 
are practical when hoods over the pots are not re- 
quired. These ladles are immersed in the zinc alloy 
pots. The stoppers or sliding vane valves are opened 
to fill the pots at the machines. A real drawback is 
drip, which is a characteristic, unless they are new or 
kept in constant repair. 


ZINC ALLOY TRANSFER 


There is a process for zinc alloy in limited use 
which eliminates all molten metal traffic. This is all 
electric and all refractory. The central melting fur- 
nace tilts to fill a reservoir which is connected to a 
trough or launder (Fig. 4). The die casting ma- 
chines are lined up on either side so that they are 
connected to the launder. The reservoir, the launder 
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and the machine furnaces then have one common 
metal level. The metal in the launder is prevented 
from freezing by covers which contain resistance heat- 
ing elements. Add the fact that this is a 100 per cent 
refractory installation which keeps dross losses to a 
minimum due to the lack of pick-up from iron, and 
you combine two extremely appealing features—low 
metal loss and no liquid metal traffic. 

Needless to say, an installation of this type is ex- 
pensive, nor is this the only drawback. For one thing, 
this is a zinc alloy installation, and none of it will 
convert to aluminum as the demand shifts. The whole 
operation must be kept molten all the time, even 
when no machines are operating on evening shifts, 
weekends and holidays. If anything happens to any 
part, the whole operation must be shut down. The 
launder cuts the aisle which limits all traffic, and 
could get in the way of some kinds of machine re- 
pairs. Still, users seem well satisfied. 

Molten metal is not only carried in ladles by hand 
and by trolley; lift trucks with tilting devices fre- 
quently carry ladles (Figs. 5, 6). The usual method 


Fig. 3 — Stoppered ladle. 
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Fig. 4 — Gravity feed launder. 














is to tilt the metal from the side (Fig. 5), using the 
standard lift truck tilting mechanism. Sometimes there 
is not sufficient room for this method. A lift truck 
can be mounted with a ladle so that it can tilt for- 
ward (Fig. 6). A pump, of course, may be easily 
mounted on gas-electric trucks to transfer from the 
ladle to the machine pot. Time is an important ele- 
ment in filling these larger ladles whether they are 
mounted on lift trucks or carried on trolleys. Pumps 
are frequently used to fill such ladles. This is es- 
pecially true of zinc base alloy because the problem 
of attack from liquid metal is not severe. There is 
no particular problem in this respect for lead or 
magnesium. Recently pumps have been employed 
successfully for transferring aluminum and its alloys. 


BULK TRANSFER 


The pumps which are used for bulk transfer of liq- 
uid metal have one thing in common; they are all 
centrifugal in action. Pumps chosen for this work 
vary in capacity from 500 to 2000/min. There is 
probably no practical limit to capacity. Much larger 
pumps are in actual use, but not in foundries for the 
purpose of transferring metal. 

The pumps for aluminum alloy (Fig. 7) are con- 
structed of refractory or ceramic materials so that no 
metal is in contact with the molten aluminum. Re- 
fractory materials, of course, do not approach the 
strength of metals causing somewhat bulkier design. 
There is an imposing and growing list of materials 
which can be considered for pump parts. In use at 
the present time are graphite, clay graphite, silicon- 


nitride-bonded silicon carbide, fused quartz, synthetic 
fiber and castables. The resultant pump is more 
sturdy than one would expect, and is designed to re- 
main in an aluminum bath for indefinite periods of 
time. 

Pumps for zinc alloy, most lead and magnesium a!- 
loys are usually constructed of ferrous alloys (Fig. 8). 
In the case of magnesium, the attack on iron is so 
slight on nickel free irons or steel that warpage from 
temperature gradients is about the only problem. 
Zinc alloy is much more erosive, but this poses no 
problem unless high temperatures are encountered. 
Certain of the the stainless group and alloy irons 
(Fig. 8) have proved satisfactory. 

Particular attention must be paid to the parts 
which are immersed. This attention should include 
design as well as the materials used. Attack from mol- 
ten zinc alloy is, of course, a function of temperature. 
This becomes especially noticeable when tempera- 
tures exceed 900 F. The higher the temperature, the 
greater the temperature gradient between the molten 
metal and the surface above. This could cause tem- 
porary or even permanent misalignment. In die cast- 
ing practice, however, high temperatures are rare, 
and the author personally has never had to deal with 
high temperature as a source of trouble. If temper- 
atures do not exeed 900 F, a pump should go a long 
time without repair. 


PUMP POWER 


Pumps are powered by three different means — elec- 
tric, fluid and air motors. Electric and air motors are 
common, but there are few if any fluid motors used 
on centrifugal pumps in die casting plants, although 
hydraulic pressure is available at every machine, and 
the small amount used by a pump would never be 
missed. This operation of these motors seems to be 
quite satisfactory. 

The use of electric motors is widespread. The em- 
ployment of an electric motor is certainly indicated 
when a pump is used in a bull ladle, for otherwise 
a compressor must also be carried. Needless to say, 
their operating cost is lower than either fluid or air 
motors. Yet electric motors are usually special, heavy 





Fig. 5 — Side tilting ladle on lift truck. 
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Fig. 6 — Forward tilting ladle on lift 
truck. 


and bulky on account of the temperature problem. 
They tend to make the pump top heavy. They will 
operate at only one speed and may require a gear 
reducer. 

Air motors, in the author’s company’s opinion, are 
the best general answer for powering pumps, espe- 
cially the comparatively small ones used in the die 
casting industry. Air motors are light, small but re- 
liable. Stalling does not hurt them, and the pump 
output is readily controlled by varying the air pres- 
sure. They are self-cooling and will run in consider- 
able heat. 

The pumps used by zinc alloy manufacturers may 


Fig. 7 — Refrac- 
tory pump for 
aluminum. 
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be on wheels and are bulky because they must carry 
metal from the bottom of a big alloying pot to the 
pouring ladle. Other pumps meant for more versa- 
tile use may be quite compact. As explained before, 
it is simple to make a temporary pipe extension where 
added distance is required. The more simple the 
pump, the less there is to go wrong with it. They 
start readily, as they do not have the mass to carry 
the heat away and so cause freezing. 

There are a few refractory pumps running in zinc 
alloy. They wear exceedingly well. Replacement of 
parts has been due to breakage. The ones familiar to 
the author are about three years old and look like 


Fig. 8 — Alloy iron 5 
pump. 
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they may run indefinitely. Of course, a refractory 
pump will stand much higher temperatures which 
are occasionally wanted in running down certain type 
scraps. There is a safety factor in the use of cen- 
trifugal pumps in the die casting foundry. The pump 
may be operated from a safety position by using a 
button or valve so constructed that metal flows only 
when pressure is applied. The recognized hazards of 
the tape-hole siphon or heavy hand ladling are elim- 
inated. 


PUMPS FOR DIE CASTING 

Pumping certainly affords the most versatile meth- 
od of transferring molten zinc alloy. It obviates grav- 
ity in determining the height of any of the equipment. 
Pumps will handle practically any volume. 

Here are some of the uses to which pumps are put 
in the die casting foundry. Molten metal is transfer- 
red from the melting or alloying pot to the ladle 
(Figs. 9, 10). In this instance the pump itself is largely 
hidden by the discharge pipe. The pipe is not part of 
the pump, but is hung loosely over the spout. It is 
put on and removed by the handle at the top. This 
reduces a dimension which makes the pump porta- 
ble. The pump is simply pulled out by a man and 
placed in the next pot. 

One of the ladles used is of 5000 lb capacity. It is 
fed by pumping from the alloy pot. The discharge 
pipe has a swivel which permits feeding the line of 
machines on either side of the aisle. Many zinc die 
castings are of good weight and the production so 
great that the machine pot does not have sufficient 
holding capacity: Auxiliary pots are placed along side. 
The operator gets the metal for this machine pot by 
pressing a button or lever which accentuates the 
pump in the auxiliary pot (Fig. 11). 

In vacuum die casting of aluminum, there is an 
equivalent. The pot or furnace should be kept at 
close level. When the castings are large, pumps are 
sometimes employed to provide molten metal from 
an auxiliary source. Pumps, of course, are commonly 
employed to transfer metal from furnace to furnace, 
from scrap pot to alloy pot, and so forth. Their safe- 


Fig. 9 — Pump filling ladle. 


ty factor, speed and convenience are not the sole fac- 
tors here. They make possible locating furnaces and 
pots at the proper level for convenient working and 
cleaning. 


COLD CHAMBER WORK 


There is another field particularly in cold chamber 
work in which the centrifugal pump at least so far 
has not been employed. Of course, there is a large 
amount of hand ladling to the cold chamber. A ladle 
of the proper size is selected. Seasoned operators can 
time their shot well, and the process can lead to sat- 
isfactory casting results. Large casting weights, how- 





Fig. 10 — Pumping from large ladle. 
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ever, lead to fatigue, and perfect timing on each shot 
makes for still better results. To this end, a number 
of different methods have been employed. 

Nineteen years ago one die casting company began 
using a mechanical ladle. This ladle rests in the hold- 
ing pot. When it is raised out of the pot to the 
proper level, it contents run down a sleeve into the 
.cold chamber. This is not particularly to save labor, 
but to permit automatic timing which speeds up the 
process of making sound castings. Maintenance is 
largely preventive, so downtime is small. The chief 
drawback is the difficulty of maintaining a dross free 
surface, and the ladle must rise through the surface. 

More than 10 years ago came the electro-magnetic 
pump. On the whole, this works well, and it delivers 
an accurate quantity of metal from below the surface 
of the furnace. Initial expense and a little extra 
maintenance caused this pump to be largely super- 
seded by the low pressure air type (Fig. 12). In this Ply. 11 — Pesaping frome euuilleey pet. 
case, low pressure air is employed to force metal 
from a closed chamber through an orifice to the cold 
chamber. The quantity poured is controlled by an 
automatic time cycle. In one case the time cycle is 
varied according to the metal level in the closed cham- 
ber. The chamber, of course, has to be opened to re- 
plenish the metal poured, but such chambers may be 
fairly large, and this may not have to be done too 
frequently. Another manufacturer replaces the metal 
by vacuum after each shot. 

In either case, the metal is taken from beneath 
the surface and delivered to the cold chamber with 
very little agitation. This method also permits very 
close timing, and there are quite satisfactory reports 
from the field. Cost may be a considerable draw- 
back, especially where small machines and castings 
are involved. 





Automatic Metering 

Not suitable for aluminum, but apparently satis- 
factory for magnesium, is an automatic metering ae ‘ ee wh ena 
mechanism (Fig. 13). In this case, the metal in the Fig. 12 — Low pressure air automatic ladle. 
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SCHEMATIC OF AUTOMATIC METERING MECHANISM FOR MAGNESIUM 
COLD CHAMBER DIE CASTING 
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Fig. 13 — Automatic metering device. 
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ELECTRICAL SEQUENCE WITH INE MENT 








Fig. 14 — Ball check 
piston pump. 





valve stand pipe is directly connected to the holding 
pot so that their level is the same. The valve is 
opened for a definite time cycle which controls the 
amount of metal delivered to the cold chamber. A 
ball check piston pump (Fig. 14) has been proposed 
to meter the metal going to the cold chamber. In this 
case, the shot could be directly controlled by the 
number of piston strokes as the piston makes posi- 
tive displacement of aluminum. The operation of a 
pump of this type has been observed, but no reports 
have come from this type of application. 

If vacuum casting of aluminum really takes hold, 
this problem of the proper quantity of timed metal to 
the cold chamber may be solved by utilizing the 





vacuum to induce the metal into the cold chambe-. 
A hole is made in the bottom of the cold chamber. 4 
tube with suitable orifice extends into the metal ba‘h 
below. When vacuum is applied metal is sucked in:o 
the cold chamber. The plunger crosses the orifice t 
the proper time and continues to make the shot. The 
excess metal in the tube drops back to the bath. 

This, however, gives rise to a problem of build up 
in the sucker tube. The tube itself must obvious! 
be air tight, and is usually constructed of iron. Pro- 
tective washes are applied on the outside. The in- 
side is often lined with synthetic refractory fiber. Con- 
stant improvements are being made, and sucker tubes 
are not now too unsatisfactory, even though they are 
subject to considerable maintenance. As noted before, 
the metal level in the hold pot should be closely held. 
This is sometimes accomplished by ladling or pump- 
ing from an auxiliary source (Fig. 15). 

It is possible that a centrifugal pump would pro- 
vide a satisfactory means of introducing molten metal 
to the cold chamber when the shots are large. Prob- 
ably some kind of temperature sensing apparatus 
could control the quantity accurately. 


CONCLUSION 

In conclusion, as the die casting process becomes 
automated, the molten metal handling problem mul- 
tiplies. Fortunately, there are a number of ways to 
solve this problem so that the manufacturer can se- 
lect the method which is most economical and best 
suited to his location and plant layout. Safety in bulk 
transfer is receiving more attention and should be a 
prime consideration in any change involving bulk 
handling. 

It is sometimes desirable to eliminate hand ladling 
to the cold chamber machine. This may be accom- 
plished in a number of ways, but only the process 
using low pressure air has wide field experience in- 
volving any considerable period of time. 


Fig. 15 — Vacuum ladling. 
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MICROSCOPIC TEST COUPONS 


Report of Ductile Iron Research Committee, 12-K 


ABSTRACT 
A study was made of method for studying ductile 
iron graphite structure. On the basis of the study, it 
was concluded that microscopic examination of a separ- 
ately cast test coupoh was the miost economical and 
rapidly applied single test. A test coupon was designed 
and found to be satisfactdry for the purpose of this test. 


INTRODUCTION 


After considering a number of possible projects, 
the AFS$ Ductile Irdn Restarch Committee* decided 
that a rapid, positive method of determining whether 
or not a particular maghesium inoculated ladle of 
iron produced satisfactory ductile iron castings was 
needed and should be irivestigated. 

It was reasoned that if the graphite structure was 
found to be satisfactory, the particular desired me- 
chanical properties could be controlled to a large ex- 
tent by the cooling rate or subsequent heat tfeat- 
thent, because final mechanical properties of ductile 
iron are dependent upon the matrix structure. If 
the graphite structures were substandard, subsequent 
heat treat could not overcomie the reduction in me- 
chanical properties. 

A study was made of the methods turrently in use, 
as well as possible new methods. On the basis of these 
studies, it was concluded that thé microscopic exam- 
ination of a separately cast test coupon afforded the 
thost econorhical and rapidly applied single test. A 
number of experiericed ductile iron producers have 
been successfully using this basic plan for various pe- 
ridds of time. 


TEST SAMPLE DESIGN 


A test sample was then designed, a core box built 
arid samples investigated by members of the Commit- 
tee and other producers. The results obtained from 
thése tests indicated that for the intended purpose, 
namely to indicate graphite form, the test casting 





*Hatold W. Ruf, Chairman; David Matter, Secretary; A. W. 
Anderson; D. M. Marsh; A. H. Rauch; Warren M. Spear; D. L. 
Crews and H. G. Haines. 
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shown in the figure was satisfactory. In selecting 

this particular casting it was kept in mind that the 

sample should be 

1) easy to transport so it can be used throughout the 
average shop. 

2) economical to produce. 

3) cool reasonably fast, yet slow enough to avoid 


massive carbides in the micro coupon. 

While in a large number of observed cases the 
matrix structure of the test lug compared favorably 
with the casting, it is fully realized that this will not 
always be the case. This condition will exist only 
when the cooling rates are similar and the shakeout 
temperature is below the critical range. 

The sample is designed with two micro coupons, 
so that one can be used for immediate examination, 
while the other may be furnished to a customer or 
used to evaluate the heat treatment of the castings 
if they receive a subsequent heat treatment. 


TEST SAMPLE CENTER SECTION 


The center section of the test sample is sufficiently 
large to allow an identification number or letter to 
be scratched into the core and also to be used for 
chemical analysis other than carbon. It is recommend- 
ed that only chilled samples be used for carbon de- 
termination. The test samples may be poured from 
the last portion of the ladle to assure the maximum 
degree of inspection. 

The micro coupons are approximately | x 34 x 4-in._ 
thick, the polishing surface being 1 in. by about 
%%-in. thick. The reduction in thickness results from 
the breaking notch. The micro sample is of a size 
that can be quickly polished. In most cases the sam- 
ple is rough ground on a standard grinding wheel 
and then finished on a fine grinding wheel using 
four different silicon carbide abrasive papers—the 
final paper being 600 grit. This technique has proved 
satisfactory in the majority of cases where only rapid 
classification is desired. 


(Schematic drawing of test coupon on next page.) 
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ABSTRACT 


A new development in the wood patternmaking in- 
dustry is described by the author. The new material is 
a carvable epoxy which is available in either plank or 
paste form. The advantages of this patternmaking 
material are given by the author, and include — no 
grain or knots; uniform swelling, approximately 10 per 
cent that of mahogany; less shrinkage; higher heat dis- 
tortion point; flame resistance; nonabrasive; and no 
aging or drying needed. Some of the disadvantages are: 
higher cost and slight tendency to dull tools more than 
natural woods. Application techniques of the paste form 
of this material are presented. 


INTRODUCTION 


During recent years metal and plastic phases of 
patternmaking have seen countless advances in tech- 
niques, processes and equipment. Much of this has 
been brought about by parallel advances in foundry 
technology. Considerable publicity has followed these 
developments and focused attention toward metal and 
plastic patterns. Although wood patternmaking has 
progressed slightly, it has been forced into a realm of 
mediocrity by a lack of new developments. Wood pat- 
ternmaking represents the last frontier of true crafts- 
manship in the foundry industry. Through centuries 
little changes have resulted because such handwork 
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NEW MATERIALS FOR 


WOOD PATTERNMAKING 


by Robert LeMaster 


is necessary for obtaining an original shape. Methods 
of today vary little from those our grandfathers used. 


NEW PLASTICS 


Recently developed plastics may prove to be a ma- 
jor time saver and alter many construction methods 
currently being used. For lack of a better name I 
will refer to this new plastic as carvable epoxy. It is 
available in plank (Fig. 1) and paste form. Both 
forms are basically a formulation of an epoxy resin 
and phenolic micro balloons. It can be worked with 
any woodworking equipment or hand tools. Its 
weight, appearance and hardness are comparable to 
mahogany. 

Carvable epoxy in its plank form represents a syn- 
thetic board. Ten years ago it would have been called 
impossible; but as the improbable things become re- 
ality the word impossible loses much of its meaning. 
A synthetic board has several advantages over na- 
ture’s best efforts at producing wood. 


1) It has no grain; much of today’s construction is 
involved in proper placement of grain to avoid 
warping, distortion and loss of dimensional accu- 
racy. Segmenting and laminating are unnecessary. 

2) No grain means no knots. Plastic planking is 


Fig. 1— Packaged plastic plank ready for use. 
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100 per cent usable. Even scraps may be assem- 
bled into usable blocks. Every piece is uniform in 
texture. 

3) Swelling under adverse humidity conditions is ap- 
proximately 10 per cent that of mahogany. Any 
swelling is uniform in all directions. 

4) Shrinkage after 72 hr at 100F is only 0.001/ft 
compared to 0.035/ft on mahogany tested. 

5) Heat distortion point is higher than mahogany 
so no warping of the plank can occur during 
sawing. Only minor stress relieving causes slight 
bowing of long lengths. 

6) Plastic planking is flame resistant and will not 
support combustion after the flame source is re- 
moved. 

7) Screws and nails hold and tapped holes will not 
strip loose. Lack of grain minimizes splitting tend- 
encies. 

8) It contains no abrasive materials. It does, how- 
ever, dull tools more than conventional pattern 
woods. 

9) This synthetic wood requires no aging or drying 
for moisture elimination as its manufacturing 
process and natural properties resist moisture 
penetration. 

10) To hold down construction costs, a bulkhead of 
plastic planking may be built onto with conven- 
tional wood. This type construction cuts down on 
high material costs but eliminates warpage and 


Fig. 2— Proper mixing procedure and shows 
viscosity of the paste form of carvable epoxy. 


shrinkage possibilities on intricate patterns. This 
construction method offers good insurance against 
dimensional movement. 

11) Conventional white glue provides satisfactory 
bonding strength. 


Plastic planking is available in several sizes by var- 
ious formulators, most lengths are restricted to 6 ft; 
thicknesses range up to 214-in. Its cost in small quan- 
tities is about $3.50 to $4.00/board ft. 


TESTS AND DISADVANTAGES 


Although the advantages of this synthetic wood seem 
unlimited, it is only after the disadvantages are rec- 
ognized that proper applications can be realized. Its 
major drawback to universal acceptance will be its 
high cost and slight tendency to dull tools more than 
nature’s woods. Although numerous test results are 
available from formulators, they mean little to any- 
one except in the comparison of competitive ma- 
terials. Most pattern shops would resort to some sort 
of unscientific tests as undertaken by the author's 
company. 

Hammer tests proved surprising. Plastic planking 
does not seem to dent as much as mahogany. Sharp 
edges resist hammer blows better than expected. Splin- 
tering was pronounced with mahogany. Severe blows 
did flake large areas loose, but the material exhib- 
ited surprising toughness. Sand blast tests gave some 
idea of what wear resistance to expect. This mate- 











rial was developed as a master model material and 
should find few applications where wear resistance is 
required. Blasting of the sample indicated that plas- 
tic plank eroded slightly more than mahogany. 

The paste form of.this carvable epoxy is the most 
versatile material ever introduced to wood pattern- 
making. Its applications are numerous, and are lim- 
ited only by a patternmaker’s ingenuity and desire to 
save time and money. The original desire was to find 
a substitute for plastic wood. It had to be carvable, 
trowelable, exhibit good adhesion, have low shrink- 
age and harden in a short time. Carvable epoxy not 
only filled these requirements, but proved even more 
versatile by exhibiting good dimensional stability. It 
shrinks about 0.015 to 0.020/ft. The pot life is 15 min. 


° EPOXY PASTE USES 


As a fillet material, it has no equal in complex 
shapes. Leather fillets are still more economical in 
straight areas. The paste is worked into corners, 
with a spatula or fillet ball, then ironed to shape 
with a heated fillet ball. If the squeezed-out excess 
is removed before hardening, the result is a smooth, 
accurate, noncollapsing fillet with sufficient strength 
and adhesion to greatly add to the strength of the 
equipment. 

The paste was also utilized for a squashing tech- 
nique to avoid chalking-in. When adding bosses, core 
prints, ribs, etc., to compound shapes, this paste is 
applied to a rough sawn block and squeezed against 
a waxed contour in the approximate position de- 
sired. After hardening, layout lines are transferred, 
then it is knocked apart and worked back down to 
shape. Since the paste area has cast itself against the 
contour, relocation in the exact spot is assured. This 
technique offers many variables but the simplicity of 
it never varies. 

The trowelable properties of the paste have been 







Fig. 3 — Making a plastic mold with paste 
epoxy. Mixed paste is troweled and brushed 
over contour previously warmed by heat 
lamp. 
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used to repair worn areas on wood patterns (Figs. 
2 and 3). For the construction of master patterns 
the author’s company has built-up or flared-in com- 
plex shapes over a core plug. After troweling to a de- 
sired wall thickness, ribbing is added to complete 
the master. 

A quick mold or core box can be produced by sim- 
ply troweling over a master. The exothermic heat 
created is quite low so that | in. thicknesses pro- 
vide no problems. This troweling method can pro- 
duce a take-off equal to a laminated epoxy with less 
material and labor cost. A troweled mold can be 
backed with plaster even before the epoxy paste has 
hardened since the presence of moisture causes no 
boiling. Such a plaster backed paste mold possesses 
little chemical bond, so anchors or mechanical locks 
should be provided between the plaster and the plas- 
tic. 

The practice of developing wall thicknesses over a 
cylinder head port slug previously required the shav- 
ing of a plaster shell to exact dimension. The plas- 
ter was messy, damaged tools and was very fragile. 
Carvable epoxy now provides a means of accomplish- 
ing the same with fewer problems. 


METAL SHOP USES 


Although the primary interests are centered in the 
wood pattern shop, this material has found its way 
into the metal shop. The author’s company makes 
many checking slugs out of shell core boxes. These 
slugs are cheaper to make than plasters, less messy, 
and provide an accurate reproduction of completed 
boxes. The company’s customers appreciate the in- 
terest in providing them with such quality equip- 
ment. 

The companion materials, epoxy planking and 
epoxy paste, form a new approach that may well 
shape new techniques in wood patternmaking. 











CENTRIFUGALLY CAST 


STEEL TUBING PROPERTIES 


AND APPLICATIONS 


by E. D. McCauley 


ABSTRACT 


The author refers briefly to the successful applica- 
tion of centrifugal castings in industry and outlines 
the conventional production methods, the advantages 
and disadvantages related to these methods. The re- 
port describes large scale production experiences with 
a new method of molding developed to incorporate the 
advantages of both of the leading methods and to 
eliminate the disadvantages of each. Certain advantages 
have been realized in utilizing speeds considerably 
higher than have been conventional, and without en- 
countering the usual hot tearing and cracking problem 
previously associated with high speeds. 

Engineering designs are described where the high 
quality of this type of production has been utilized. 
Physical properties are reported and compared with 
those typical to other methods of production. Quality 
control and inspection methods necessary in maintain- 
ing a desirable performance level are outlined. 


INTRODUCTION 


The development ot centrifugal castings, the ad- 
vantages this type casting offers in industrial applica- 
tions and the basic principles of the conventional 
methods of production have been described and re- 
corded in the journals of the American Foundrymen’s 
Society SyMposiIUM ON CENTRIFUGAL CastTiNcs (1944).1 
The present report concerns itself chiefly with the 
latest method of large scale manufacture of centri- 
fugal tubing, the properties obtained from tubing cast 
by this method and the subsequent fabrication into 
component parts which supply industrial design re- 
quirements. 

The observations and conclusions offered in this 
paper are based on experiences at the author's plant 
with large volumes of centrifugal production in per- 
manent molds, sand rammed molds and molds pro- 
duced by a more recent method. 

The normal demand on the average centrifugal 
steel production unit is quite diversified requiring 
maximum versatility in casting size (length, diam- 
eter and thickness) and metal composition. The ma- 
jor producing units have heretofore utilized two prin- 
cipal methods of manufacture—production through 
the use of permanent molds, and production through 
the use of sand lined molds. There are apparent ad- 
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vantages and disadvantages in both methods which, if 
considered briefly, can be summarized. 


1. Permanent Mold Methods. 
Advantages. 

1) Rapid solidification resulting in fine grain and uniform 
distribution of inclusions. 

2) High production per casting machine due to faster so 
lidification. 

3) Close control of dimensional tolerances due to the 
rigidity of the mold. 

Disadvantages. 

1) High mold cost due to fixed size range and short mold 
life expectancy. 

2) Difficulties experienced in combating hot tearing due to 
the critical balance required between speed and casting 
thicknesses. 

3) Difficulties experienced in controlling lapping tendency 
due to the chilling nature of the mold. 

4) Difficulties experienced from spalling of the mold facing. 

2. Sand Lined Mold Castings. 
Advantages. 

1) Lower mold cost due to a practically unlimited life ex- 
pectancy of flask equipment. 

2) More suited to longer cast lengths due to the reduced 
chilling of the molten metal flowing longitudinally 
over the mold and the reduced thermal gradients in the 
mold. 

3) Generally smoother cast surfaces requiring less machin- 
ing stock. 

4) Easier control of hot tearing or cracking due to the 
different mode of solidification. 

Disadvantages. 

1) Difficulties experienced in the control of ramming 
density, drying uniformity and inclusion formation. 

2) Difficulties encountered from mold scabbing and erosion. 

3) Difficulties arising from mold swells and mold eccen- 
tricity. 


From the demand for both type castings in similar 
fields of application, both methods of production 
have been successful in supplying industrial require- 
ments. The properties and applications of the cast- 
ings described herein represent those obtained from 
a new method of production. 


CERAMIC MOLD METHOD 

After several years of research and development at 
the author’s company, a new method of ceramic mold- 
ing has been designed to incorporate the advant- 
ages and to eliminate the disadvantages of each of 
the previously mentioned methods. Such a method 
offers a baked ceramic type mold for maximum life 
expectancy of mold equipment, maximum versatility 
in size (length and diameter) without customary 
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POURING TEMP -2880°F 
CHILL THICKNESS 2 '/," 
STEEL ANALYSIS: 

c 62 

Mn 64 

si 48 
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Fig. 1— left — Thermal gradient, chill mold. Right — 


Thermal gradient, heavy 


equipment investment, high mold density and uni- 
formity with positive concentricity control. Automatic 
weighing, pouring and speed control are also used 
‘at the casting machines to reduce casting variables. 


Theory 

Thick wall centrifugal steel castings have presented 
certain production problems arising from the intri- 
cate balance required between two opposing forces: 
metal contraction versus centrifugal force (speed). 
Wallace,? in his work with centrifugally cast steel 
gun barrels at Watertown Arsenal, developed vari- 
ous formulas and theories balancing these forces 
against solidifying skin strengths in an effort to con- 
trol hot tearing in centrifugal castings produced on 
metal molds. 

Pellini? has demonstrated from the analogue stud- 
ies of Paschkis* the thermal gradients expected across 
solidifying wall sections cast against chill molds and 
against sand molds (Fig. 1). 

It follows that solid contraction accompanies tem- 
perature drop, thus giving rise to the problem of skin 
strength versus hoop stress from centrifugal force in 
a permanent mold casting. In this case, solid contrac- 
tion is encountered prior to complete solidification 
necessitating the continuation of the applied spinning 
force until complete solidification. 

Unlike this phenomenon, castings in sand molds 
do not enter solid contraction until the solidus tem- 
perature is more uniform across the wall thus mini- 


insulated mold. (Pellini) 


mizing the stresses arising from hoop tension prior to 
complete solidification. With metal mold centrifugal 
castings, as solidification contraction of the metal oc- 
curs there is often, at the same time, an expansion of 
the mold due to heat absorbed from the molten metal. 
This can result in an unsupported semi-solid casting 
with hot tearing or cracking from hoop stresses de- 
veloped during spinning. 

With a dense ceramic mold in a rigid metal flask, 
however, expansion of the mold material tends to re- 
sult in a contraction of the mold inside diameter. 
This reinforces the contracting casting and provides 
support against hot tearing or cracking. Thus, con- 
trary to certain theories concerning peripheral speeds, 
extremely high speeds have been utilized in the ce- 
ramic process without encountering hot tearing prob- 
lems. 


Centrifugal Force Effect 

Zeuhlke5 has indicated in his studies of centrifugal 
castings that the degree of metal cleanliness is a func- 
tion of specific gravity and force. Assuming constant 
viscosity conditions, the degree of metal cleanliness 
in a centrifugal casting is therefore dependent on the 
magnitude of the centrifugal force. Thick walled car- 
bon steel castings have been produced by this method 
with casting speeds developing forces as high as 150 
times gravity without cracking or hot tearing (Fig. 
2). 


Due to the fact that the less dense materials, such 





as dross and slag inclusions, accumulate near the in- 
side surface of the casting, it is important that this 
condition be considered when tubing is to be bored 
for applications, such as hydraulic cylinders. It is of 


Fig. 2 — Thick further importance that the tube wall be dense and 
wall centrifugal sound after boring. Positive directional solidification 
eae. is necessary to establish such a desired condition. 


If directional solidification is not present, midwall 
shrinkage may be encountered as is found in. some 
static castings which experience heat losses from both 
sides of the wall section. The macroetched section 
in Fig. 3 demonstrates the soundness which may be 
expected from a 414-in. thick casting cast on a heavy 
insulated ceramic type mold. 





Cooling Curves 

The curve in Fig. 4 shows the solidification times 
for different thicknesses of centrifugally cast steel 
tubes produced in this type mold. 

This curve was established from numerous cooling 
curves representing various diameters and _ thick- 
nesses of carbon steel tubes cast in heavy refractory 
molds. A typical curve used to establish the relations 
shown in Fig. 4 is shown in Fig. 5. 

The curve in Fig. 4 has been found to hold true 
for various cast thicknesses from 34-in. through 414-in. 
This demonstrates the constancy of the solidification 
mechanism. 

Certain additional procedures as pointed out by 
Donoho,® may be used to aid directional solidifica- 
tion, such as controlled pouring rates to assure pro- 
gressive freezing from the outside as the section is 
built up, the use of exothermic or insulating ma- 
a : terials applied to the inside surface to retard freez- 

| ing from the inside, closing the mold at each end to 
| 
| 
| 





Fig. 3 — Macroetch of 42-in. thick centrifugal casting. 








exclude air currents and reduce radiation loss on the 














“ t interior surface and the application of high spinning 
speeds to produce maximum centrifugal force across 
| the solidifying wall. 
4.0| } 





PRODUCTION METHODS 
In order to obtain the advantages outlined above, 
definite production procedures for this new method 
of ceramic molding have been established. The 20 ft 
flasks in which the tubes are produced are lined with 
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@ 3.0) + 
6 a flowable ceramic type refractory and spun com- 
z | pacted, in order to produce a lining dénsity approx- 
w 2-5) | imately 20 per cent greater than that obtained in con- 
5 | ventional sand rammed molds. As can be seen, the 
Cs | mold diameter (consequently the tube diameter) can 
Z | be produced to any given size depending only on the 

volume of lining mix. 

us|: / | | It has been found that if a graded particle size of 
| SOLIDIFICATION CHART refractory mix is used, the finer and more refractory 
| =e Bm sue material will accumulate during compaction at the 
1.0 - tee Neen inside surface (Fig. 6). This is highly advantageous 





| in that an integrally formed mold facing is produced, 
| | thus avoiding the occurrence of separate layers, the 
- ame | “| - | inner layer being subject to flaking or spalling as 
may be often found in washed or spray faced molds. 
The larger particles of the mix accumulate towards 
_ the interface between the flask and the lining. This 
has been found to be advantageous in venting mold 
gases during the baking and casting operation. 
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Fig. 4 — Solidification curve carbon steel tubing cen- 
trifugally cast in heavy insulated mold. 
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Perfect concentricity in the flask/mold system is 
obtained, since the horizontal spinning axis is the 
same for both molding and casting. A routine method 
of varying the location of a stop-off plate has been 
devised to produce any given length within the 20 ft 
mold with little additional cost. After the lining oper- 
ation the molds are baked in gas heated, automatically 
controlled, recirculating type furnaces for .a prede- 
termined length of time. Thus, complete drying and 
bonding of the mold material is assured. 

The casting operation is carried out by pouring 
from a hydraulically operated machine ladle through 
a pouring box and orifice which are located at one 
or both ends of the flask. Molds are warm when cast 
on to reduce any chilling effect and consequent ten- 
dency towards lapping. Pouring temperatures in the 
range of 150F (66C) above the liquidus tempera- 
ture are used for most steels. Pouring weights are con- 
trolled by electronic scales mounted under the ma- 
chine ladles with remote dials located convenient to 
the operator (Fig. 7). 

Spinning speeds are determined in terms of “g’s” 
or “times gravity.” 

—_ N2D 
570,500 
Where g = units of acceleration due to gravity. 
= 32.2 ft/sec/sec at standard conditions. 
N = spinning speed, rpm. 
D = diameter, in. 


A different pattern of speeds is used for each size 
tube. The casting machine operation is programmed 
to vary spinning speeds in accordance with tube di- 
ameters and chemical compositions. Based on prede- 
termined schedules, all speeds, speed changes and 
times are set up in push button controlled equipment 
which automatically carries the casting through the 
required cycle. Immediately after pouring is complete 
water sprays are directed over the flask for cooling. 

After the casting operation is complete the tubes 
are stripped from the flask, inspected, heat treated 
(as required), machined, fabricated, tested and ship- 
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Fig. 7 — Pouring centrifugal tube. 
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ped. The ceramic mold material is removed from the 
flask, reprocessed and reused in producing other 
molds. 






ENGINEERING APPLICATIONS 
The economical application of centrifugally cast 
steel tubing has been used in many engineering de- 
signs. In comparison with other methods of produc- 
tion certain advantages have been realized. These 
are: 










1) Flexibility in metal composition. 

2) Flexibility in length, diameter and thickness. 
3) High casting yields. 

4) Nondirectional physical properties. 

5) Desirable fabricating characteristics. 

6) Superior machining characteristics. 

7) Adaptability for various heat treatments. 

8) High degree of mechanical integrity. 









The most economical applications are those utiliz- 
ing simple shapes where production volume does not 
permit special tooling and yields are highest. These 
applications conventionally resolve into true (hori- 
zontal spinning axis) centrifugal castings, cylindri- 
cal in shape. When local points in design require 
special configurations, advantages are realized in com- 
bining centrifugally cast tubing with static castings, 
plate or bars. 
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Fig. 8 — Assembled 31.50 in. cylinder and ram. 


Fig. 9 — Auto- 
matic welding of 
cap to centrifugal 
cylinder. 





A typical example of such a construction is illus 
trated in Figs. 8, 9 and 10. Figure 8 shows a com 
pletely fabricated, machined, assembled and tested 
cylinder and ram produced from centrifugal tubing, 
static castings and plate. Design requirements were 
such that light weight and high strength were de 
sired. The cylinder was fabricated from centrifugal 
tubing 31.50 in. outside diameter x 29.50 in. inside. 
diameter, sealed with a simple shaped static cap (Fig. 
9), a 60 in. diameter plate and a statically cast end 
flange. The unit when complete was 19 ft long. Be- 
ing a displacement type cylinder the inside diameter 
was finish bored. Full wall weldments were produced 
with automatic welding equipment. 

The ram assembly is shown in Fig. 10, and was 
produced from 4130 steel heat treated to a 60,000 psi 
minimum yield strength. The finished part was made 
up of a static flange casting, centrifugal tubing 26.75 
in. outside diameter x 21.75 in. inside diameter x 
22 ft long and a statically cast cap. All weldments 
were made with automatic equipment using 114-per 
cent chromium — |4-per cent molybdenum deposits, 
stress relieved to 75,000 psi yield strength and gamma 
ray inspected to A.S.M.E. code requirements. 

The completed unit weighed 22,000 Ib and was 
tested to 750 psi for 30 min. Operation is in the 
vertical position with lateral thrust on the ram head 
at an extended stroke of 14 ft 8 in. Such operating 
condition demanded high strength. 


Friction Type Ram 


Other cylinders and rams are shown in Fig. 11. The 
rams in this case are centrifugal tubes 12 in. outside 
diameter x 8 in. inside diameter x 1] ft long sealed 
with plate at one end and fabricated to a statically 
cast head on the other end. Being a friction type 
ram, the head was overlayed with bronze by the inert 
gas automatic welding method and the body ground 
to a fine finish on the outside diameter. The cyl- 
inders were constructed from 1025 steel centrifugal 
tubing, statically cast weld necks at each end and 
plate for locating pads. These cylinders were cast 
18.60 in. on the outside diameter and honed to a 32 
micro-inch finish at a 16.019 in. inside diameter 12 
ft long. 

It is advantageous when producing for combina- 
tion designs, as outlined above, to cast parts to be 





Fig. 10 — Finished surface of ram. 

















Fig. 11— Fabricated steel cylinders and rams. 


fabricated from the same heats. Figures 12 and 13 il- 
lustrate a centrifugal and static floor suitable for such 
an operation. 

Figure 12 shows 20 ft long centrifugal casting ma- 
chines located so that pouring is from the bay to the 
right (Fig. 13) which houses a static molding and 
pouring bay. Metal is tapped from 10,000 Ib ca- 
pacity arc furnaces (Fig. 14) into the pouring bay. 
Splits between the centrifugal machines and compo- 
nent static parts may be made as desired. Combina- 
tions of this nature are shown in Figs. 15 and 18. 

Figure 15 shows a 31 ft 1014-in. long drive shaft 
fabricated from two static end flanges and 30.70 in. 
outside diameter x 26.00 in. inside diameter centrif- 
ugals. All material was produced from 4130 steel 
heat treated to 60,000 psi minimum yield strength, 
100 per cent ultrasonically tested and welded under 
A.S.M.E. radiograph requirements. Fatigue had pre- 
viously been experienced in carbon steel which indi- 
cated a requirement for higher strength materials. 
Since existing equipment had to be complemented, 
changes in dimensions in order to gain strength from 
an increase in section size could not be tolerated. 
Directional properties and high quality were of 
prime concern in the design of this 25,000 lb shafting 
in transmitting 30,000 horse power at 360 rpm. 

Typical properties in four directions taken from 
centrifugal tubes produced on a heavy insulated ce- 
ramic mold are shown in Fig. 16. The uniform sound- 
ness of the wall section is indicated by the results of 
the tension tests and the nondirectional properties 
explained by the equiaxed grain orientation com- 
mon to this method of production. 


Wrought vs. Cast Steel 


Fatigue properties and directionality of wrought 
and cast steels have been studied and summarized by 
Evans, Ebert and Briggs.? Figure 17 pictures the re- 
sults of their findings, and shows that castings have 
equal properties in the longitudinal and transverse 
direction, whereas wrought materials show better 
properties in the longitudinal direction at the ex- 
pense of lower properties in the transverse direction. 
Transverse properties are important in the design of 





Fig. 13 — Static molding and pouring area. 


Fig. 14— Tapping 10,000 Ib capacity arc 


























furnace. 








cylinders, pressure vessels and shafting transmitting 
torque loads. 

Physical properties realized in centrifugal castings 
are of interest in designing for high temperature 
and pressures. Figure 18 shows a combination of type 
310 stainless steel centrifugal tubing and static end 
flanges designed to operate at elevated temperatures. 
These parts were fabricated into a pressure vessel ma- 
chined to 34% .-in. outside diameter x 32% .,-in. in- 
side diameter x 28 ft long (approximately). 

Further versatility of centrifugally cast steel tubing 
in industrial designs is indicated in Figs. 19, 20 and 
— 21. Figure 19 shows the machining of a 10.25 in. di- 
Fig. 15-30 in. diameter wind tunnel drive shaft. ameter, 1.18 in. wall x 16 ft long trunnion assembly 
used in the Saturn missile transporter. In this appli- 
cation high strength and reduced weight were of chief 
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Fig. 16 — Directional properties of centrifu- LGTH. 20 FT. 





gally cast steel tube. 
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TRANSVERSE(T) 73,200 49,700 27.3 42.0 
LONGITUDINAL (L) 71,500 47,700 27.5 35.8 

45° 74,200 50,700 27.3 37.6 
RADIAL (R) 74,700 45,900 36.9 57.0 
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Fig. 17 — Comparison of properties 
—wrought and cast steel (Evans, 
Ebert and Briggs). 
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Fig. 18— 30 in. diameter 10,000 Ib stainless retort. 


concern. Type 4130 centrifugals produced on ceramic 
type molds were water quenched and tempered to a 
required yield strength of 75,000 psi and fabricated 
with 4330 saddle blocks and 4130 solid forgings. 

Figure 20 shows a 70 in. diameter 22 ft deep ver- 
tical quench tank capable of 4000 gallons/min flow 
which was used to impart the necessary strength de- 
manded in this design. A vertical gas fired, automat- 
ically controlled annealing furnace is shown adja- 
cent to the quench tank. These units are capable 
of normalizing, annealing, quenching and temper- 
ing 20,000 Ib loads of 20 ft long tubing. Operation 
was designed for vertical suspension in order to main- 
tain maximum straightness. 

Figure 21 shows the final trunnion and beam as- 
sembly. Static walking beam castings of 4130 steel 
were assembled with the fabricated tube trunnion 
section. Extreme care was necessary in the fabrica- 
tion of the trunnion assembly in order to select 
analyses, weld deposit, interpass and post-heat tem- 
peratures which would not adversely affect the phys- 
ical properties of the quenched trunnion section. 
The centrifugal tube section was produced to 
meet the radiograph requirements of A.S.T.M. E-71 
Class I with no repair welds allowed. 

These tube sections were cast 10.50 in. outside di- 
ameter x 6.98 in. inside diameter and machined to a 
high surface finish at 10.25 in. outside diameter x 
7.87 in. inside diameter indicating a 70 per cent yield. 


Balance Requirements 


In rolls of certain types, balance and the economy 
of achieving balance is of concern. Figure 22 shows 
a 19,200 lb roll 3554-in. outside diameter x 34 ft 2 in. 
long produced from centrifugally cast steel tubing be- 
ing finished to a 62 micro-inch surface on the out- 
side diameter. Balance requirements were main- 
tained with an as-cast inner surface. Due to the na- 
ture of the casting process concentricity of the cast- 
ings is essential, since a condition of imbalance can- 
not be tolerated in the spinning process particularly 
in the speed ranges of 150 times gravity. 

Centrifugal tubing can be cast from the full range 
of compositions in carbon steels, low alloy steels and 
high alloy heat and corrosion resisting steels, as well 
as alloy irons, ductile irons, Ni-resists, Ni-hards, etc. 
Molten metal is available from acid and basic arc 
furnaces, induction furnaces and acid or basic cupo- 
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Fig. 19 Machining of quenched trunnion assembly. 


















































Fig. 20 — 22 ft 
deep vertical 
quench and anneal- 
ing furnace. 





Fig. 21— Walking beam assembly for transporting 
saturn missile. 









































Fig. 23— 50 in. diameter cast iron embossing roll. 








Fig. 24 — Fabri- 
cated stern tube — 
33 in. O.D., 18,000 
Ib. 








Fig. 25 — Etched ring from 63-in. diameter type HF 
stainless centrifugal. 





las. The type of melting unit is chosen to best suit 
the type of metal to be melted. 

Figure 23 shows a 45,000 psi tensile low phosphorus 
cast iron roll machined with an intricate diamond 
embossing pattern. This low phosphorus iron cast- 
ing was produced with a 50.50 in. outside diameter 
and finished to the described surface at 50.25 in. 
outside diameter representing an 85 per cent yield 
from casting to finished product. 

The stern tube shown in Fig. 24 was produced 
from centrifugally cast steel tubing, welded with a 
plate for an end flange and finish machined to 33.00 
in. outside diameter x 273-in. inside diameter x 16 ft 
long and weighed 18,000 Ib. 


Reformer Tube 


It is of particular interest to observe successful and 
economic designs of reformer tube construction pro- 
duced from centrifugal tubing in the heat resistant 
alloys where creep strengths at high temperatures are 
important. Figure 25 shows a full wall etched sec- 
tion of an A.C.I. type HF stainless tube which was 
spun at 120 times gravity. 

This etched section and photomicrograph in Fig. 
26 shows the equiaxed grain structure and the mid- 
wall soundness typical of a casting produced on ce- 
ramic molds. In recent times engineering circles have 
been prone to utilize new manufacturing and inspec- 
tion methods in successfully designing with lower 
safety factors. Figure 27 shows a hydraulic cylinder 
fabricated from centrifugal tubing produced by the 
ceramic mold process which was designed to operate 
under 30,000 psi stress. Material from which the unit 
was built is 1040 steel exhibiting a yield strength of 
40,000 psi as normalized and tempered. 


QUALITY CONTROL AND INSPECTION 


In effecting design factors such as have been indi- 
cated above, it is necessary to establish and maintain 
a high level of quality control. Suitable equipment, 
qualified personnel and standard procedures are nec- 
essary in order to meet these requirements. Following 
is an outline of the routine procedures and tests used 
in maintaining the quality demand for this produc- 
tion operation. 


1) Accurate weighing for dimensional control. Actual 
weights and calipered dimensions are recorded in 
permanent record forms in order to verify toler- 
ances and maintain accurate control of pouring 
weights. 

2) Complete permanent records of each heat show- 
ing melting furnace logs, pouring temperatures, 
spinning speeds, pouring rates, chemical and spec- 
trographic analyses, heat treating temperatures 
and physical test results. 

3) 100 per cent magnetic particle inspection of fer- 
ritic materials, with operating personnel and pro- 
cedures qualified according to Mil-C-7701. 

4) Magnetic particle inspection at intermediate and 
final machining stages. 

5) The application of special tests when specified or 
when considered advisable for the product appli- 
cation, such as: 
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Fig. 26 — Micrograph of HF 
casting. 100 X. 
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type stainless centrifugal 





a) Ultrasonic inspection in accordance with the 
requirements set forth in A.S.T.M. A-426—Spe- 
cifications for Centrifugally Cast Ferritic Al- 
loy Steel Pipe for High Temperature Service 
(Fig. 28). 

b) Radiographic examination of tubing to spec- 
ifications outlined in A.S.T.M. E-71—Indus- 
trial Radiograph Standards for Steel Castings. 


6) Radiograph and magnetic particle inspection of 
weldments. 


7) Welder performance and procedure qualifications 
such as are required by A.S.M.E., Navy, Bureau 
of Ships, etc. (Fig. 29). 


In addition to maintaining high quality in the 
material produced, the rapid appraisal of the com- 
plete control system as outlined above has proven 
beneficial in minimizing foundry losses. 
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Fig. 27 — Fabri- 
cated hydraulic 
cylinder. 





Fig. 28 — Ultrasonic inspection of centrifugally cast 
tubing. 


WELD TESTS 
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Fig. 29 — Typical properties: of weld qualification test 
made on centrifugal tubing. 
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SOLIDIFICATION OF ALUMINUM CASTINGS 


by M. C. Flemings, S. Z. Uram and H. F. Taylor 


ABSTRACT 


Principles underlying the solidification behavior of 
aluminum alloy sand castings are discussed in detail. 
Particular attention is paid to the influence of solidifi- 
cation behavior on foundry characteristics, including 
shrinkage and feed metal requirements, hot tearing and 
fluidity. Also emphasized are the interrelationships be- 
tween solidification behavior, soundness, structure and 
mechanical properties of cast aluminum. 

A section of the paper is devoted to consideration of 
special conditions of solidification. These special condi- 
tions include columnar dendritic growth, solidification 
in complete absence of dendrites, solidification into a 
moving liquid and movement of solid during solidifica- 
tion. 


INTRODUCTION 


Of all the engineering phases involved in manu- 
facturing a quality casting, the phase that is often 
least appreciated and yet most important, is the mech- 
anism by which the metal freezes. Mechanism of 
solidification determines in large part the risering 
requirements of foundry alloys, and is a major factor 
in determining characteristics such as hot tearing, 
fluidity, etc. An appreciation of solidification be- 
havior is particularly important in production of alu- 
minum castings. In many aluminum foundries a dozen 
or more different alloys may be poured in a single 
day; each alloy behaves slightly differently during 
solidification and so should be treated slightly differ- 
ently in the shop to achieve soundness and optimum 
properties. 

One example of the differences in solidification be- 
havior of the different aluminum alloys is shown in 
Fig. 1. Sectioned castings of three alloys are shown; 
the alloys represent the three major classes of solidi- 
fication behavior encountered in aluminum sand cast- 
ings. In the pure aluminum casting (Fig. 1a) all solidi- 
fication shrinkage appears as a deep “pipe” in the 
riser. In the 195 alloy* casting (Fig. 1b) there is al- 
most no pipe, and solidification shrinkage reports 
primarily as 


*The nominal compositions of alloys referred to in this paper 
are listed in the Appendix. 
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1) A drop in the overall riser height during the ini- 
tial stages of solidification. 

2) microshrinkage in the riser and usually to a less- 
er extent in the casting. 


The casting poured of A132 alloy (Fig. lc) shows 
shrinkage characteristics intermediate between those 
of pure aluminum and of 195 alloy; some gross 
shrinkage is present. Most commercial aluminum al- 
loys show shrinkage behaviors generally similar to 
those of Figs: 1b or Ic. 


ALUMINUM FREEZING METHOD 


The pure aluminum casting freezes with deep pip- 
ing because the mode of solidification is such that it 
freezes from the wall of the casting inwards, with a 
smooth front between the liquid and advancing sol- 
id. As solidification progresses and shrinkage occurs 
a pipe results (Fig. 2). In 195 alloy the situation is 
quite different (Fig. 3). In this case, solidification be- 
gins near the mold wall but progresses quickly to 
the center of the casting; fine grains form near the 
center of the casting early in the solidification proc- 
ess. Freezing then continues with solid metal forming 
in the center as well as near the walls of the cast- 
ing. 

It is not at all uncommon for the center of a 195 
alloy casting to be over 85 per cent solid before a 
fully solid skin has formed on the surface. This type 
of solidification, shown in Fig. 3, is termed “mushy” 
or “pasty.” In the early stages of solidification, shrink- 
age is compensated by settling of liquid plus solid 
metal in the riser; a little later, when solid grains 
have formed a coherent network throughout casting 
and riser, liquid metal drains down through the chan- 
nels between the grains to feed shrinkage; still later, 
when the interdendritic liquid channels become too 
narrow to allow further passage of liquid metal, so- 
lidification shrinkage results in microporosity. 

Alloy A132, an alloy of approximately eutectic com- 
position, solidifies in a fashion somewhat similar to 
195 alloy; fine grains form and grow throughout the 
casting during much of the solidification process. 
However, this alloy differs from 195 in that gross 
shrinkage or “pipe” is usually found in risers (Fig. 
lc). Our understanding of the solidification behav- 
ior of aluminum alloys of eutectic composition is lim- 
ited,1 but it is clear that the narrow solidification 
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Fig. 1— Vertical sections from top risered 5 in. cubes. Left— pure aluminum 
(99.9 per cent Al); center — 195 alloy (AI-4.5 per cent Cu); right — A132 





alloy (Al-1.0 per cent Cu, 12.0 per cent Si, 1.0 per cent Mg, 2.5 per cent Ni). 


range of these alloys makes them more prone to 
- macroshrinkage than alloys which freeze over a wide 
temperature interval. 

It is the purpose of this paper to describe the prin- 
ciples underlying solidification behavior of commer- 
cial aluminum casting alloys, and to show how solidi- 
fication variables influence the structure and prop- 
erties of cast aluminum. Most aluminum alloys of 
commercial importance solidify in fashions similar 
to 195 alloy or A132 alloy described above. In this 
paper detailed consideration will be given to the 
mechanism of solidification of high purity 195 alloy 
(aluminum—4.5 per cent copper alloy) because 


1) It is a relatively simple binary alloy that has been 
extensively studied in the laboratory. 

2) It is of some commercial importance. 

3) principles that apply to solidification of this al- 
loy apply also to solidification of more complex 
alloys. 


A final section of the paper deals more generally 
with solidification behavior of commercial alloys. 


PRINCIPLES OF SOLIDIFICATION OF 
ALUMINUM CASTINGS 


NonEquilibrium Solidification and Microsegregation 


The liquidus temperature for aluminum—4.5 per 
cent copper alloy is 1192 F, and the equilibrium soli- 
dus is 1059 F, Fig. 4. If solidification of such an al- 
loy were to take place slowly enough to permit per- 
fect diffusion in the solid state, solidification would 
be complete at 1059 F and the structure at that tem- 
perature would consist of a single phase solid solution 
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(a) 
Fig. 2 — Schematic diagram of solidification of a top 
risered cube of pure aluminum. (a) near beginning of 
solidification; (b) near end of solidification; (c) end 
of solidification. 
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(b) 
Fig. 3 — Schematic diagram of solidification of a top 
risered cube of 195 alloy (AI-4.5 per cent Cu). (a) 
near beginning of solidification; (b) near end of solidi- 
fication; (c) end of solidification. Size of microporosity 
is exaggerated for clarity. 
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Fig. 4— Phase diagram for the aluminum rich end of 
the aluminum-copper system. 


of aluminum-copper. In practice, however, solidifica- 
tion is not slow enough to permit this degree of dif- 
fusion in the solid state; coring always occurs, and 
the extent of the coring is such that the alloy is 
never completely solid until the eutectic tempera- 
ture (1018 F) is reached. The final microstructure al- 
ways consists of some eutectic CuAl, as illustrated in 
Fig. 5. 

In practice, the assumptions of “complete nonequi- 
librium” solidification appear to describe fairly well 
the solidification of aluminum-copper alloys. These 
assumptions are, 


1) No diffusion in the solid state. 

2) Complete diffusion in the liquid state on a mi- 
cro-scale. 

3) No macro-segregation. 


Based on these assumptions, the amount of liquid pres- 
ent at any point in a solidifying casting can be ex- 
pressed as a function of the temperature at that point, 
and the amount of eutectic present in the final cast- 
ing can be readily determined. The mathematics un- 
derlying these calculations have been outlined by sev- 
eral investigators, including Scheil.? For alloy systems 
where the liquidus and solidus are essentially straight 
lines, the general expression for the liquid fraction 
can be written as a function of the liquid composi- 


tion: 
= a: 


fi = fraction liquid. 


Co = initial solute concentration (per cent). 


where: 


C, = solute concentration in liquid when 


t fraction liquid remains (per cent). 


K = partition ratio, ( =&), where C,= 
L 


















solute concentration in solid when 


fi: fraction liquid remains. 





or it can be written as a function of the temperature 
at the point in question: 


Mz Co \;~x 
f.-(eS)" 
where: 


M, = slope of liquidus (F/%, C/%). 
Ty, = melting point of pure solvent (F, C). 


T = temperature when | , fraction liquid 
remains (F, C). 


The solid line of Fig. 6 is a plot of equation 
(2) for a solidifying Al-4.5 per cent Cu alloy. The 
plot shows that at the equilibrium solidification tem- 
perature (1059F), 12 per cent liquid remains if 
a casting solidifies according to the nonequilibrium 
assumptions described. At the eutectic temperature, 
9 per cent liquid remains, and this last liquid solidi- 
fies at a single temperature to form the eutectic 
consisting of CuAl, and secondary. 

The dashed line of Fig. 6 (from Stonebrook) was 
calculated from a carefully obtained cooling curve 
of 195 alloy.? Both curves of Fig. 6 show that 
much less solid is present at any temperature dur- 
ing solidification than would be the case if severe 
coring did not take place. The two curves shown 
are of similar shape, and major differences between 
















Fig. 5— Typical microstructure of a sand cast alumi- 
num-copper alloy (as-cast).17 150 X. 








the two can perhaps be explained as being due to 
the substantial impurities present in Stonebrook’s al- 
loy (0.78 per cent silicon, 0.59 per cent iron). 


Aluminum Alloy Sand Castings 
Mushy Nature of Solidification 

In the solidification of aluminum alloy sand cast- 
ings the main barrier to heat flow is in the sand 
and, as a consequence, only relatively shallow tem- 
perature gradients are ever present in the metal. 
In all but thin castings these gradients do not usu- 
ally exceed 10-20F/in.5.6 For example, Fig. 7 
illustrates the actual temperature distribution in a 
solidifying plate casting (3/4 x 5 x 8 in.) fed with an end 
riser. Thermal measurements were taken along the 
centerline of the long axis of the plate (Fig. 8 illus- 
trates the design of plate used in this and subsequent 
studies). In the early stages of solidification, thermal 
gradients along the centerline were less than 5 F/in., 
while even in the later stages the gradients did not 
exeeed 20 F/in. 

The shallow temperature gradients obtained in 
ordinary sand castings of Al-4.5 per cent Cu alloy are 
so small, with respect to the solidification range 
of the alloy, that solid and liquid coexist in inti- 
mate contact throughout the casting during most of 
the solidification process. In castings made of metal 
properly grain refined, nucleation occurs more or 
less uniformly throughout the casting, and these 
nuclei then continue to grow, with growth occurring 
only slightly more rapidly at the end farthest away 
from the riser than at the end near the riser. 
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Fig. 6 — Per cent liquid as a function of temperature 
for a solidifying aluminum-4.5 per cent copper alloy. 
Solid line calculated from equation (2); dashed line 
from Stonebrook.® 
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Fig. 7 — Terperature distribution along the centerline 
of a sand cast test plate at various times during solidi- 
fication (ne chill).6 195 alloy, %4-in. plate (Fig. 8). 





Fig. 8 — Sketch of test plate pattern. Plates studied 
varied in thickness from ¥2-in. to 144-in; widths were 
5-6 in. 


For example in the 34-in. thick plate casting of 
Fig. 7, solidification is complete at the end farthest 
from the riser after about 5 min; at this time the 
centerline of the plate at the edge of the riser 
(6 in. from the plate end) is at a temperature of 
about 1075F and, therefore, is only about 14 per 
cent liquid. 

Thermal gradients across the thickness of the 
solidifying plate are also quite shallow (6 F/in. 
maximum during solidification) and _ solidification 
of the alloy can be visualized as the more or less 
uniform cooling of a pasty or “mushy” mass of 
liquid and solid. Figure 9 shows this type of solidi- 
fication schematically. The figure is based on the 
thermal data of Fig. 7, and on equation (2). 

During solidification of aluminum sand castings, 
it is probable that solidification shrinkage is fed by 
two quite different mechanisms.7 In the early stages 
of freezing when only a small amount of solid is 
present, contraction is fed by bulk movement of 
liquid and solid. Later, when sufficient solid is pres- 
ent that it is no longer free to move, solidification 
shrinkage must be fed by liquid flowing from the 
feed source through narrow, tortuous, interdendritic 
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channels. When resistance to fluid flow becomes too 
great microporosity results. 

Mathematical analysis based on heat flow and 
fluid flow considerations has shown that when inter- 
dendritic channels become sufficiently narrow, resist- 
ance to fluid flow can be appreciable and can cause 
microporosity to form in all but small castings.® 
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(c) 
Fig. 9 — Schematic diagram of the solidification of a 
sand cast plate, unchilled. Plate is 6 in. long by %-in. 
thick (Fig. 8). (a) one min after casting; (b) 4 min 
after casting; (c) 7 min after casting. 











Fig. 10 — Microradiograph of a section cut from a sand 
casting of 195 alloy. Solution treated at 960 F, quenched 
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DISTANCE FROM CHILL, INCHES 
Fig. 11— Temperature distribution along the center- 
line of an end chilled sand cast plate at various times 
during solidification. 195 alloy, %-in. plate (Fig. 8). 


RISER END 


CHILL END 


The soundness of alloys which freeze in a mushy 
manner is dependent on the ease with which flow 
takes place through interdendritic channels; sound 
ness will be increased by factors which shorten the 
path the liquid must flow, or otherwise facilitate its 
flow. 

Microporosity in aluminum-copper alloys is accen 
tuated by the presence of dissolved gas (hydrogen) 
This gas is much more soluble in liquid than in 
solid aluminum, and even small amounts dissolved 
in the liquid metal tend to precipitate and form 
micropores during solidification. For example, calcu- 
lations indicate that only 0.2cc of hydrogen (at 
standard temperature and pressure) dissolved in 100 
grams of molten aluminum will precipitate during 
solidification to form over 114 per cent voids in the 
cast structure.® 

Figure 10 is a microradiograph from a casting ade- 
quateiy risered and made from well degassed metal. 
It illustrates the type of microporosity which occurs 
in typical sand cast aluminum-copper alloys even 
though made by careful melting and risering practices. 


Chills Effect on Mode of Solidification 


Chilling of aluminum alloy sand castings results 
in a remarkable alteration of their mode of solidi- 
fication and final structure. Metal chills absorb heat 
at a much more rapid rate than do sand molds, 
and because of this they affect the solidification of 
aluminum alloy sand castings in two important 
ways, (1) they increase solidification rate, and (2) 
they steepen thermal gradients in the solidifying 
castings. These effects may be seen by comparing 
the temperature distributions in two solidifying 
34,-in. plates, one cast entirely in sand and the other 
cast in sand but chilled at its end (Figs. 7 and 
11). 

At a point | in. from the end of the unchilled 
plate, solidification was complete after 5-6 min, and 
thermal gradients near the end of solidification were 
15F/in. At a similar point in the chilled plate, 
solidification was complete after only one min, and 
thermal gradients at this time were approximately 
100 F/in. Figure 12 is a schematic diagram showing 
solidification of this chilled plate. 

Steep thermal gradients in solidifying castings are 
usually desirable because they minimize the length 
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Fig. 12 — Schematic diagram of the solidification of a 
sand cast plate, end chilled. Plate is 6 in. long by %-in. 
thick (Fig. 8). (a) one min after casting; (b) 3 min 
after casting; (c) 5 min after casting. 












in the casting over which liquid and solid coexist; 
they minimize the “mushy zone.” By so doing, the 
gradients reduce the length of the tortuous paths 
over which liquid must travel to feed solidification 
shrinkage. Thus chills, by steepening thermal gra- 
dients, tend to minimize microporosity. The second 
effect of chills, that of increasing solidification 
rate, also has certain beneficial effects on the cast 
structure. 

Increased rates of solidification of nonferrous 
alloys result in dendrites with a smaller arm spac- 
ing,!° and with a finer, more even distribution of 
microconstituents. The improved properties to be ob- 
tained from the more homogeneous cast structure 
are described in detail in a later section. Rapid solidi- 
fication rates also, of course, tend to result in a 
finer cast grain size, but in aluminum alloys this 
reduction (for properly grain refined alloys) is not 
large.11,12 

In the case of 195 alloy, the structural improve- 
ments to be obtained by chilling are illustrated in 
Fig. 13. Near a chill, the mast metal is free of micro- 
porosity, and the Cu Al, formed during solidifi- 
cation is of such a finely divided form that ordinary 
heat treatments readily dissolve it (Fig. 13a). At loca- 
tions in the casting which are some distance away 
from the chill, microporosity is more readily formed, 
and the CuAl, is in a coarse form that is not readily 
dissolved in heat treatment (Fig. 13b). 

As described above, chills substantially reduce the 
length of the mushy zone of solidifying 195 alloy 
castings; chills cannot, however, entirely eliminate 
the zone. This is in part due to lateral heat flow 
through the sand mold and in part because even 
with no heat losses, the mode of solidification of the 
alloy is such that a region of solid plus liquid must 
exist over at least a limited zone (mushy zone) of 
the casting during solidification. Heat flow calcu- 
lations show that even with optimum chilling (water 








Fig. 13 — Microradiographs of sections cut from 
an end chilled 34-in. sand cast plate, aluminum-4.5 
per cent copper alloy. 16 X.!7 Light areas are 
microporosity, dark areas are undissolved alumi- 
num-copper intermetallic. 
treated at 960 F and aged. Left —0.4 in. from 
chill; right — 5.4 in. from chill. 
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chill and no contact resistance) the length of the 
mushy zone must usually be almost as long as the 
length of metal solidified.14 

Experimental studies have confirmed the preced- 
ing conclusion. The test pattern used in the studies 
was a \4-in. thick plate similar to that shown in 
Fig. 8. The pattern was end cooled with a water 
chill, and molded in three different media to obtain 
differing degrees of lateral heat flow. These media 
were 1) plaster mold heated to 900F just before 
pouring, 2) plaster mold heated to 450F just be- 
fore pouring, and 3) core sand mold at room tem- 
perature.!1 

A schematic representation of the structure and 
temperature distribution in the test plate at a par- 
ticular time during solidification is shown in Fig. 
14. When a length (X,) is completely solid, liquid 
plus solid exist together over the length of the 
mushy zone (AXj0o). For analytical purposes, an 
arbitrary mushy zone consisting of solid plus liquid, 
but not over 30 per cent liquid, was chosen (Shown 
as AX, .). It was felt that where more than about 
30 per cent liquid existed in the liquid-solid region, 
little resistance to feeding would be encountered. 
The relationship of Fig. 6 was used to determine 
the temperature limits of 0-30 per cent liquid; these 
are 1018 F to 1143 F. 

The length of metal solidified (X,) versus the 
square root of time for each of the plates is shown in 
Fig. 15. The plot is a straight line for the plaster mold 
heated to 900 F, indicating essentially unidirectional 
heat flow.13 The plot for the cooler plaster mold 
shows some curvature, and the plot for the core sand 
mold shows markedly greater curvature, indicating 
increasing lateral heating losses to the molding media. 

When heat flow is unidirectional, the length of the 
specified mushy zone is relatively small compared to 
unchilled sand castings, but is still significant (Fig. 
16). It is directly proportional to the length of to- 
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Fig. 14— Schematic representation of solidification of 
an aluminum-4.5 per cent copper alloy end chilled 


structure when a length 


X, is completely solid; bottom—temperature dis- 
tribution when a length X. is completely solid. 
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time in end chilled plates.!! 
l4-in. plates (Fig. 8). 
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Fig. 15— Length of completely solidified metal vs. 


195 alloy, water chilled 


tally solid metal as would be predicted from hear 
flow relationships.13 When lateral heat losses increase. 
the length of the mushy zone also increases. It is to 
be expected that the longer mushy zones will resu! 
in greater feeding difficulties, and hence more mi 
croporosity and a casting of somewhat lower mechan 
ical properties. 


Grain Refinement 


Most hypoeutectic aluminum alloys (including alu 
minum-4.5 per cent copper alloy) are grain refined 
by addition of a suitable nucleating agent. Titanium 
and/or boron are employed and these agents are so 
effective in their action that undercooling at the liq 
uidus temperature is virtually eliminated.14 Grain 
refinement is of practical importance primarily be 
cause of the improved mechanical properties that 
results.12,14 These improved properties are obtained 
not because of the reduced grain size, per se, but be 
cause of the finer distribution of microporosity and 
intermetallics that is obtained in fine grained ma- 
terial.14 

The effectiveness of titanium as a grain refiner is 
thought to stem from formation of titanium carbide 
particles that act as nucleating sites for growth of 
solid aluminum. Similarly, boron is thought to form 
aluminum boride particles.15 Whichever element is 
used for grain refining, excessive superheat and/or re- 
peated remelting can destroy the effectiveness of the 
particles; when this happens coarse grains result. Fig- 
ure 17 shows the relation between titanium content, 
melting temperature and grain size for aluminum- 
4.5 per cent copper alloy. 


SOLIDIFICATION STRUCTURE EFFECT 
ON MECHANICAL PROPERTIES 

Unchilled castings of aluminum-copper alloys ex- 
hibit the generally recognized effect of section size 
on mechanical properties; i.e., thinner sections ex- 
hibit somewhat higher properties than thicker ones 
(Fig. 18). Detailed examinations have indicated that 
this is primarily due to a finer distribution of micro- 
porosity and intermetallics in the thinner castings, 
there being relatively little difference in the grain 
size (when proper grain refinement is employed). 

The effect of section size on mechanical properties 
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Fig. 16— Length of mushy zone at various stages of 
solidification of end chilled plates.'! 195 alloy, water 
chilled 4-in. plates (Fig. 8). 
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is quite small when compared to the effect to be ob- 
tained by chilling. For example, when a chill is 
placed at the extremity of a 195 alloy plate section 
(as illustrated in Fig. 8), mechanical properties of 
the section near the chill are raised from approxi- 
mately 37,000; 27,000; 3* to 57,000; 30,000; 18. More 
importantly, the chills not only improve the prop- 
erties of immediately adjacent areas, but also have a 
beneficial effect at distances well removed from the 
chill (Fig. 19).16 

In a previous section of this paper, chills were 
shown to alter the casting structure by 1) reducing 
microporosity, and 2) refining the size and distribu- 
tion of intermetallic compounds. Related investiga- 
tions have shown that the improved mechanical prop- 
erties effected by chilling result primarily from the 
above two structural changes.®-9.16.17,18 Reduction 
of microporosity eliminates damaging areas of stress 
concentration. Refinement of CuAl, permits more 
adequate solutionizing of the compound at ordinary 
solution treating temperature, and refinement of other 
intermetallic compounds makes these compounds less 
damaging to mechanical properties. The effects of 
these structural variables are discussed quantitatively 
and in more detail in subsequent sections. 

In general, chills appear somewhat more effective 
in improving the mechanical properties of castings 
with thicker sections than with thin sections. This 
has been ascribed to the better directionality of so- 
lidification (and feeding) obtainable in thicker sec- 
tions wherein lateral heat losses are a smaller portion 
of the total heat extracted (Fig. 16).11 

Figures 13a and 13b illustrated the effect of chill- 
in in refining the CuAl, segregate so that it can be 
more completely dissolved during heat treatment. At 
distances removed from a chill the segregate is pres- 
ent in such coarse distribution that it is not com- 
pletely dissolved by ordinary heat treatments, and it 
has been reasoned that the presence of these brittle 
grain boundary constituents might impair mechani- 
cal properties of the alloy. To investigate quantita- 
tively the effect of the segregate on mechanical prop- 


*The shorthand 37,000; 27,000; 3 is used to denote 37,000 psi 
ultimate tensile strength, 27,000 psi yield strength, 3 per cent 
elongation. 
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INCHES FROM CHILL END 
Fig. 18 — Summary of tensile properties of sand cast 
test plates, no chill.16 195 alloy, solution treated 960 F, 
quenched and aged (Fig. 8). 
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INCHES FROM CHILL END 
Fig. 19 — Summary of tensile properties of end chilled 
sand cast test plates.!6 195 alloy, solution treated 960 F, 
quenched and aged. 
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Fig. 20 — Micro- 
radiograph of sec- 
tion cut from an 
end chilled %-in. 
sand cast plate, 
aluminum-4.5 per cent copper alloy. 16 X.17 Specimen 
solution treated four days; final solution temperature 
1010 F. Light areas are microporosity. This specimen is 
identical to that shown in Fig. 13(b), except for the 
higher solution treating temperature. 





erties, a series of chilled plates were solution treated 
at various temperatures above those normally used 
in practice (above 960F). The effect of these solu- 
tion treatments on structure and mechanical prop- 
erties were then determined.1!7 

In the case of 195 alloy, solutionizing temperatures 
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2 3 ~ 5 6 7 . 
SOLUTION TIME, DAYS mary of tensile 
properties of end 


| O10 1015 | | 1030 : 

960 900 00°, 20 0 220 028 080 Chiled platen at 

unction of solu- 

tion treating temperature and time.!7 34-in. end chilled 

plates, 195 alloy (Fig. 8). Progressive solution treat- 

ments were employed, i.e., one day at 960 F, plus one 

day at 980F, plus one day at 1000F, etc., until the 

desired final solution temperature was reached. Follow- 

ing solution treatment, specimens were quenched and 
aged. 


in excess of 1010 F were found to completely dissolve 
the CuAl,, even at distances well removed from a 
chill (Fig. 20). A substantial improvement in me- 
chanical properties of the alloy was found to accom- 
pany this treatment (Fig. 21). Solution treating tem- 
peratures above 960 F had relatively little effect on 
the properties of sections near a chill, because in 
these areas the CuAl, was sufficiently fine to be ade- 
quately dissolved at 960 F. 

In commercial aluminum-copper alloys, impurities 
are always present which may form intermetallic com- 
pounds fully as damaging to the mechanical proper- 
ties of the alloy as is coarse CuAl,. One of these in- 
termetallics is iron which forms the grain boundary 
intermetallic compound Cu,FeAl; in high purity 
aluminum-copper alloys.1® Chilling tends to refine the 
size and distribution of the intermetallic, but inten- 
sive solution treatments will not dissolve it. As illus- 
trated in Fig. 22, these particles are quite damaging 
to the properties of cast 195 alloy. Their effect is more 
pronounced in the more slowly cooled locations of a 
casting (where their structure is coarser).17 High 
purity, especially with regard to iron content is an 
essential step in the production of aluminum alloy 
castings of high strength and high ductility. 


SPECIAL SOLIDIFICATION SITUATIONS 


Columnar Grain Formation 

Columnar grain structures are seldom, if ever, en- 
countered in properly grain refined commercial alu- 
minum alloys. However, in the absence of grain refin- 
ing agents, and with sufficiently high pouring tem- 


















































p 0 T I ! 
2 U.T.S. 
2 ae Se es 
. g 
50 - oe T 
ia) Oo 
3 v O uo —}— 
o Ss 4 ont 
z 
wW 
= 
m Mr r 
> fF v + 
2 YIELD 
WwW 30 re) O- “Oo oO 
Lod Vv re) 
Vv Vv O° v 
© -0.4" FROM CHILL 
2 - ELONG. o-1.4" « “ e 
° 20 ©) A- 3.4" “ “ 
ra 
q - 5.4" “ “ 
S a e) DL 
5 = se : 
iS a ——4 
a © l A | N 
O° 0.05 0.10 0.15 0.20 0.25 


PERCENT IRON 


Fig. 22 — Summary of tensile properties of end chilled 
test plates as a function of iron content.!7 195 alloy, 
%-in. plates, solution treated at 960 F, quenched and 
aged. Note—the mechanical properties at locations 
near a chill ere less affected by the impurity than are 
the properties at distances removed from the chill. 








perature, it is possible to obtain columnar grains in 
alloys such as aluminum—4.5 per cent copper. Figure 
23 illustrates structures of three castings which were 
water cooled at the bottom and fully insulated on the 
sides and top during solidification.18 Castings poured 
at temperatures below 1210 F exhibited a fine grain 
structure; with pouring temperatures near 1275 F col- 
umnar grains were obtained; and with higher pour- 
ing temperatures, large twin grains resulted (Fig. 23). 

It is of interest that microconstituents and micro- 
porosity tend to line up in a-,fibrous array in the 
columnar and twinned grain material. Asa result, 





Pouring temperature 1275 F (690C). 
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these structures do not exhibit isotropic properties; 
tensile strengths in the direction parallel to the col- 
umnar crystals may be as much as 50 per cent greater 
than in the direction perpendicular to the crystals; 
elongation in the direction parallel to the crystals 
may be 100 per cent greater. 


Prevention of Dendrite Formation 


Theoretical and experimental investigations have 
shown that regardless of rate of cooling, normal sand 
or chilled castings of aluminum-copper alloys (such 
as aluminum-4.5 per cent copper) freeze with a liq- 


Pouring temperature 1210 F (655C). 





Pouring temperature 1320 F (715C). 


Fig. 23 — Structures obtained in cast aluminum-4.5 per cent copper alloy by varying pouring temperatures.!® 
Test castings were 3%-in. diameter by 6 in. high, bottom chilled and insulated on sides and top by a 
heated sand mold. Structures shown are etched sections cut vertically through the center of the specimens. 
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Fig. 24— Schematic diagram of apparatus to solidify 
aluminum alloys under conditions of (a) steep tem- 
perature gradients, (b) slow solidification rates and 
(c) rapid stirring in the liquid metal.?!.22 Temperature 
gradient and solidification rate are essentially independ- 
ent variables at low solidification rates. 


uid-solid mushy zone, and that the grains in this zone 
grow either as columnar or equiaxed dendrites. In 
both these cases, microporosity and intermetallic 
compounds tend to segregate between the dendrite 
arms and at the boundaries between the dendrites, 
creating zones of mechanical weakness. 

If, however, thermal gradients were increased by 
adding heat to the molten alloy during solidification 
and by severely chilling the alloy, it is possible to elim- 
inate the liquid-solid zone; i.e., to obtain essentially 
plane-front solidification and eliminate dendrite 
formation. Rapid stirring aids in obtaining plane- 
front solidification by promoting diffusion in the 
bulk liquid. 

A schematic diagram of an apparatus designed to 
achieve such steep temperature gradients and liquid 
stirring is sketched in Fig. 24. A low frequency induc- 
tion coil was used to obtain both heating and stir- 
ring of the liquid phase. A water spray was used as 
a chill. Solidification was achieved by slowly moving 
the coil and water spray upwards. At sufficiently 
steep temperature gradients and slow solidification 
rates, microstructures free from any apparent den- 
dritic traces or microsegregation were obtainéd. 

Note that in the apparatus shown therinal gradi- 
ents and solidification rate are independent varia- 
bles (at sufficiently low rates of solidification). Rate 
of solidification is determined by the rate of upward 


movement of the induction coil-water spray asseni 
bly. Thermal gradients (in the solid) are determined 
by the distance between the water spray and the liq- 
uid-solid interface. 

The conditions necessary to prevent dendrite for 
mation and cause solidification to proceed on a flat 
advancing plane-front have been discussed by a num. 
ber of investigators, including Wagner,?° Tiller, et 
al.21 The specific conditions affecting such freezing 
of aluminum alloys were studied in the investiga- 
tion described here.2? From the preceding analyses, it 
can be shown that in order for solidification of an 
alloy to proceed in this plane-front manner, a mini 
mum temperature gradient must be present in the 
liquid (at the liquid-solid interface) which may be 
expressed by the equation: 


_ mu C, (1 — K) 


“= DK 


(3) 
where: 

G,; = minimum temperature gradients in liquid 
at the liquid-solid interface to produce 
plane-front solidification (F/in., C/cm). 

th = slope of liquidus (F/%). 
u = rate of movement of liquid-solid interface 
(in./hr). 

C, = composition of freezing solid (%). 

K = partition ratio = 0.172 for aluminum-cop- 
per system. 

D = diffusion coefficient (hr/in.-*) of solute 
atoms in liquid. 


Thus, plane-front solidification (and elimination 
of the dendritic mode of freezing) is favored by 1) 
low solute concentrations, 2) an alloy whose phase 
diagram has a small slope and large partition ratio, 
3) low solidification velocities and 4) a high diffu- 
sion coefficient of solute atoms in the liquid metal. 
Rapid stirring also aids the attainment of plane- 
front solidification by lowering C,.222 

Equation (3) indicates that for a given alloy 
system, the minimum temperature gradient in the 
liquid (G,) which will produce “plane-front” solidi- 
fication is a function of solidifying composition and 
solidification rate: 


G, _ 
. 
where C’ = constant. 


C’u (4) 


Since the gradients in the liquid at the liquid- 
solid interface are roughly proportional to the gra- 
dients in the solid at the interface;22 

é =C"u (5) 
where: 

G, = minimum temperature gradients in solid 
at the liquid-solid interface to produce 
plane-front solidification (F/in.). 

C” = constant. 


Using the apparatus of Fig. 24, a series of alumi- 
num-copper alloys were solidified under various 
temperature gradients (G,) and at various solidifica- 
tion rates (u). The solidified ingots were analyzed to 
determine C,. Results are plotted in Fig. 25 with 











the parameters of equation (5). Two types of cast 
structures were found in ingots solidified in this 
manner. They were 1) fine grained ingots possessing 
an obvious dendritic structure with microsegregation 
and some microporosity, and 2) large, columnar ap- 
pearing grains which were free of all apparent 
dendritic traces, microsegregation and microporosity. 

The fine grained structures were obtained at rela- 
tively low G,/C, ratios and high solidification ve- 
locities (u). A line separating the fine grain struc- 
tures from those which are free of dendritic segre- 
gation can be drawn on the graph of Fig. 25; such 
a line conforms to the theoretical relationship of 
equation (5). It can bg calculated from Fig. 25 that 
an aluminum 4.5 per cent copper alloy, solidifying 
under thermal jos) ba of 450 F/in. would have to 
be frozen at rates less than 0.9 in./hr to obtain 
a dendrite free structure. 

Such slow solidification rates (especially when 
steep temperature gradients must be maintained) are 
not practical for the production of high strength 
aluminum-copper alloy castings, although the homog- 
eneous cast structure obtained would certainly be 
advantageous, especially in ingots cast for subsequent 
working. 


Other Special Situations 


Space limitation precludes a full treatment of the 
effects of the many special casting conditions on 
solidification and solidification structure. However, 
brief mention of some of these is pertinent: 


1) Unusual structure and segregation effects are 
sometimes seen in aluminum alloys when there is 
a high degree of stirring or motion of the liquid 
in contact with growing solid. Examples of such 
cases are noted in centrifugal casting of pipes or 
bearings, in fluidity spirals or when metal is run 
slowly over a chill in filling an ordinary sand cast- 
ing. In such cases there is a pronounced tendency 
for columnar grains to form, and these grains are 
tilted with respect to the mold wall so they point 
upstream; i.e., they lean into the director of flgw.2% 
If heat or fluid flow variables are interrupted dur- 
ing flow, a banding type of segregation can result; 
this has been suggested as one cause of banding in 
centrifugally cast aluminum bearings.23 

2) Flotation or settling of solid crystals during 
solidification can also produce unexpected effects. 
One example is the large grains that are sometimes 
seen near the cope in otherwise fine grained cast- 
ings. This has been explained as being attributable 
to the settling of nuclei during freezing.24 In some 
alloys, the fine crystallites float rather than sink, 
and shrinkage may be encountered at the bottom, 
instead of the top of castings.25 

3) Macrosegregation is nearly always present in 
aluminum castings, although usually to such a slight 
degree as to be unimportant commercially. The 
macrosegregation is nearly always inverse; i.e., por- 
tions at or near the surface of a casting are found 
to be richer in solute than portions in the interior. 
This results because of the mushy nature of solidifi- 
cation of aluminum alloys and because the last liquid 
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Fig. 25—G./C, vs. u for aluminum-copper alloy 
heats.21,22 Graph illustrates that samples solidified at 
relatively high thermal gradients, or with a low solute 
concentration (high G./C,), and a relatively slow rate 
(low u), tend to freeze with a homogeneous structure 
free of dendrites. Triangles — experimental heats which 
solidified free of dendritic structure. Circles.— experi- 
mental heats which solidified with an equiaxed dendritic 
structure. 


to freeze contains a high concentration of solute 
(for example, the last liquid to freeze in a casting 
of aluminum-4.5 per cent copper alloy contains 33 
per cent copper). 

The solute rich liquid flows between dendrites dur- 
ing freezing to compensate for solidification contrac- 
tion; as a result, regions far from a source of feed 
metal may become richest in alloy. A number of 
authors have discussed inverse segregation in alumi- 
num in detail, and described the various types that 
are encountered and the factors which influence it. 
These authors include Murphy,?® Adams,?7 You- 
delis?§ and others. 

It is of practical interest that contraction stresses 
during solidification can influence segregation by the 
mechanism described above. The stresses act to sep- 
arate freezing dendrites, so that more solute rich liq- 
uid must flow to fill the added volume. Figure 26 is 
an example of segregation resulting from solidifica- 
tion contraction. With carefu] heat treatment prac- 
tices, segregation of this kind need not be delete- 
rious to mechanical properties. 


Solidification Variables and Foundry Characteristics 
Foundry characteristics which are strongly depend- 
ent on mode of solidification include shrinkage, hot 
tearing, fluidity and others. Figures 1 to 3 at the 
beginning of this paper illustrate the marked effect 
of solidification variables on shrinkage. Pure alu- 
minum, solidifying from the mold wall inwards, ex- 
hibits a deep pipe in the riser; the pure metal is also 
subject to centerline shrinkage unless adequate tem- 
perature gradients are maintained during treezing. 
Alloy 195, which freezes over a wide temperature 
interval in mushy fashion shows almost no pipe, but 
is prone to microporosity when feeding is not com- 
plete. Alloy A132, of approximately eutectic compo- 
sition, freezes over a narrow temperature interval, 
and solidification shrinkage again shows up primar- 
ily as a piping type cavity in the riser. As with pure 








682 





Fig. 26 — Microradiograph of critical area of hot tear test casting. Aluminum-9.96 per cent copper (not grain refined). 
Dark streaks are segregate; light areas are incipient tears or microporosity. Original magnification approximately 8 X .°° 


aluminum, castings of A132 alloy are subject to cen- 
terline shrinkage unless properly fed. 

In practice it is usually found that alloys which 
freeze over a wide temperature interval, but with 
only a small amount of eutectic in the microstruc- 
ture, are most prone to microporosity and are most 
difficult to feed to complete soundness. It has been 
stated that best feeding characteristics are obtained 
in alloys containing from 40 to 80 per cent eutectic.? 
Alloys containing less than this amount of eutectic 




















24 T T 
n 
WwW 
= 
oO 
z x 
wo 7 
Ww ff Fig. 27 — Hot tear- 
4 LU / ° ing characteristics 
< "a “ss ; eo of aluminum-cop- 
uw / per alloys, super- 
| «+80 a ei imposed on portion 
Ww | / of phase diagram.?° 
: x Xxx x / O i “Increasing dis- 
i \ mm 2.2.8 tance between 
a \ / flanges” indicates 
Bro Yoox x 9/ 0 0 ~~ increasing _resist- 
8 ‘ / ance to hot tearing. 
z =a / 4 
< Oh x xx / 
2) ° \ ff 
a per Ne © es 
o 9 
~ x - TORN CASTING — 
O -NO VISIBLE TEARS 
re) | 
Oo 5 10 15 


WEIGHT PERCENT COPPER 


are prone to microporosity, and alloys containing 
greater amounts of eutectic are susceptible to center- 
line shrinkage. 

The commercial aluminum-zinc-magnesium alloys 
are among the most difficult to feed; these alloys 
freeze over a range of some 400 to 500 F, with almost 
no residual eutectic. Aluminum 4.5 per cent copper 
is less difficult to feed (the alloy freezes over a range 
of approximately 174 F, with 9 per cent residual eu- 
tectic). Considerably improved feeding can be ob- 
tained with alloys containing 5 or more per cent sili- 
con; these alloys freeze over a narrower range than 
aluminum-copper alloys, and possess from 40 to 100 
per cent eutectic (widely used aluminum-silicon al- 
loys include 43, 355, 356, A132, etc.). 


Aluminum Alloy Hot Tearing 


Hot tearing characteristics of aluminum alloys are 
influenced by many of the same factors that influ- 
ence feeding, and alloys that are subject to micro- 
porosity also tend to be prone to hot tear. Thus, in 
any given casting, 356 alloy is less likely to hot tear 
than 195 alloy, and 195 in turn is less likely to tear 
than one of the aluminum-zinc-magnesium alloys. Fig- 
ure 27 illustrates hot tearing tendencies of a series 
of aluminum-copper alloys. Minimum resistance to 
tearing occurs at about 5 per cent copper; this re- 
sistance increases with both increasing and decreas- 
ing copper content. 

In a recent study3° is was concluded that copper 
in amounts of 5 per cent lowers resistance to hot 
tearing by forming isolated liquid pools which do not 
fully solidify until the eutectic temperature is reach- 
ed. These liquid pools embrittle the matrix metal at 
temperature above the eutectic temperature. In alu- 
minum-copper alloys containing over 5 per cent cop- 








per, it was concluded sufficient eutectic is present 
so eutectic liquid can flow to feed incipient hot tears. 
In general, relatively small amounts of alloying ele- 
ments decrease resistance to hot tearing of pure alu- 
minum, but when enough of an alloy is added, re- 
sistance to tearing again increases. 

Fluidity, the last foundry characteristic to be con- 
sidered herein, is as strongly dependent on mode of 
solidification as is any of the foundry characteristics 
heretofore considered. Figure 28 illustrates compar- 
ative fluidities of five different foundry alloys, tested 
in a green sand mold fluidity spiral.31 After several 
years’ research it has been concluded that solidifica- 
tion variables are primarily responsible for the dif- 
ferences in fluidity among the different alloys. Such 
factors as surface tension, surface oxides, metal 
viscosity, etc., appear to play little part in affecting 
fluidity test results in sand molds31,32.83 (except, 
perhaps, in sections appreciably thinner than those 
usually cast.34 

Typical curves of fluidity versus composition in an 
aluminum binary system are shown in Fig. 29. Small 
amounts of alloying elements reduce fluidity by 
changing the mode of solidification from smooth, 
plane front to columnar dendritic. The dendrites 
reach out into the flowing metal and tend to stop 
flow more quickly than does a smooth solid wall. As 
solute content is further increased, fine, equiaxed 
grains form and may choke the flow of metal still 
more quickly. As the eutectic composition is ap- 
proached fluidity is generally found to increase, due 
perhaps because not enough primary crystals form to 
completely choke flow.?2-33.35 This increase in flu- 
idity near eutectic composition has not, however, 
been found for all systems. 36 
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Fig. 28 — Fluidity as a function of superheat above the 
liquidus of some commercial casting alloys.?1 
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Fig. 29 — Fluidity vs. composition for the aluminum- 
copper system at various pouring temperatures.®! 


SUMMARY 


The purpose of this paper has been to discuss the 
principles underlying solidification behavior of alu- 
minum alloys. Much of the paper has dealt with 
solidification of aluminum-4.5 per cent copper alloy, 
because 1) a large amount of fundamental research 
has been conducted on this alloy and 2) the prin- 
ciples of solidification that apply to aluminum-cop- 
per alloys apply as well to the many other more 
widely used commercial casting alloys. Also, 195 al- 
loy is a relatively simple binary system of some com- 
mercial importance. 

Most aluminum alloys freeze in a mushy manner in 
sand molds. Solid particles form and grow in the 
center of the casting nearly as quickly and as rapid- 
ly as they do on the surface. One result of this type 
of solidification is that impurities, micro-segregates, 
gas (if present), etc., tend to precipitate at grain bound- 
aries where they are most harmful to mechanical 
properties. Also, it is difficult to feed the solidifica- 
tion shrinkage of the last liquid to freeze in “mushy” 
alloys, because the interdendritic feeding channels 
become narrow near the end of solidification. 

Mode of solidification is changed markedly by chill- 
ing. The rapid heat extraction caused by chilling in- 
creases cooling rate, and as a result refines the size 
and distribution of microsegregates and impurities 
at grain boundaries. Also, the steep thermal gradi- 
ents caused by chilling make it possible to feed alu- 
minum castings to complete soundness. Use of exten- 
sive chilling, in conjunction with other careful 
foundry techniques, makes it possible to guarantee 
high mechanical properties in aluminum alloy sand 
castings. 

The somewhat different modes of solidification of 
different foundry alloys are responsible for many of 
the differences in foundry characteristics of these al- 
loys. Fluidity, hot tearing and risering requirements 
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are all strongly affected by solidification mode. As 
one example, fluidity of pure aluminum (50 F above 
its liquidus) is approximately three times that of alu- 
minum-4.5 per cent copper alloy (50F above its 
liquidus); this difference in fluidity appears to be 
due almost entirely to differences in solidification 
mode. Similarly, resistance to hot tearing of pure 
aluminum is approximately three times that of the 
aluminum-4.5 per cent copper alloy, again due pri- 
marily to differences in mode of solidification. 


Solidification under certain special situations has 


also been considered herein. For example, techniques 
have been described for producing castings with fully 
columnar dendritic structures, and for producing cast- 
ings with complete absence of dendrites. Also, the 
effects of liquid and solid movement during solidi- 
fication were described. Movement of liquid during 
freezing in chill molds can lead to tilted columnar 
grains and/or a banding type of segregation; in 


ther sand or chill castings movement of liquid in 


the last stages of solidification (to feed solidification 
shrinkage) accounts for at least one type of inverse 
segregation. 


APPENDIX 


Nominal compositions of alloys referred to in text by their 


commercial designations* 




















Mg, % Si, % a%. 2.% G.% Ni& 
43 5.0 
A132 1.2 12.0 0.8 2.5 
195 0.8 4.5 
220 10.0 
355 0.5 5.0 1.0 
356 0.3 7.0 
40E 0.55 5.6 0.5 
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*In practice these alloys are nearly always grain refined, gen- 


erally by adding titanium in amounts up to 0.25 per cent. 
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ABSTRACT 


Commonly cast copper alloys may be divided into 
two main groups according to their mode of solidifica- 
tion. Group one freezes by the mechanism of skin or 
shell formation, and group two freezes by a pasty or 
mushy manner. The author considers both groups of 
copper alloys, dealing with pertinent data of each. Such 
data as alloying element effect, rates of freezing, alloy 
feeding mechanism, grain refinement and segregation 
effects are considered. 


MODE OF FREEZING 


Copper alloys as a group are particularly interesting 
from the point of view of solidification because they 
probably exhibit more variation in mode of freezing 
than any other group of alloys. From this point of 
view, the commonly cast copper alloys may be divided 
into two main groups. 


Group One Alloys 


Group one consists of copper which may be deoxi- 
dized or oxygen-bearing, aluminum bronze, manganese 
bronze, silicon bronze, certain yellow brasses of short 
freezing range, cupro-nickel and beryllium copper. 
These alloys freeze by the mechanism which is various- 
ly known as skin or shell formation. That is to say, 
freezing begins at centers on the mold walls, and the 
crystallites thus formed link up sideways and then 
grow forward into the hot interior of the casting. A 
solidification front thus separates the liquid and solid 
parts of the casting at all times during freezing. 

This mode of freezing is shown in Fig. 1. It is im- 
portant to note that the casting is essentially divided 
into two regions throughout solidification, a region of 
wholly solid metal and another region of fully liquid 
metal. In practice the mode of freezing depicted in 
Fig. 1 is only strictly true of a really pure metal— 
deoxidized copper would probably be a close approx- 
imation. It is a characteristic of the freezing of pure 
metals that there is a smooth and sharp boundary be- 
tween the liquid and solid portions of the crystallites. 
In other words, the solidification front is a plane. 

Most of the alloys of group one, because they are 
alloys and are not pure metals, do not exhibit a com- 
pletely plane solidification front. Instead the front is 
somewhat serrated and contains hills and valleys, as 
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illustrated in Fig. 2. Alloys showing this serrated type 
of front, providing the serrations are not marked, are 
not to be regarded as greatly differing from pure met- 
als in solidification mechanism or in feeding charac- 
teristics, although, as discussed later, there may be 
some impediment to feeding. The mechanism of freez- 
ing in alloys in group one is essentially similar to that 
found in the freezing of many steels. 


Group Two Alloys 


Group two comprises alloys such as phosphor 
bronzes, gun metals, leaded gun metals or red brass, 
yellow brasses of long freezing range and the nickel 
silvers. In general, the mode of freezing of this group 
of alloys is totally different from that of the alloys in 
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Fig. 1 — Mode of freezing of pure metals. Crystalliza- 
tion begins at the mold wall and advances into the 
casting interior on a plane solidification front. 
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Fig. 2 — Mode of freezing of alleys of short freezing 
range (c.f., Fig. 1). 


group one. As before, freezing begins by the deposition 
of crystallites of solid metal on the mold walls. How- 
ever, once this has been accomplished, nearly all simi- 
larity in the mode of freezing of alloys in group one 
vanishes. The solid crystallites in alloys of this type 
are considerably impoverished in alloying elements 
because of the wide separation between the liquidus 
and solidus. As the result, when these crystallites form 
solute elements are ejected into the surrounding metal. 
This depresses the freezing point of the immediately 
adjacent liquid metal, as shown in Fig. 3, and results 
in growth of the crystallites is severely restricted. 

The temperature of the whole casting then falls 
slightly (by perhaps a few tenths of a degree) and this 
causes a further crop of crystallites to form on what- 
ever nuclei are available—suitable nuclei are nearly 
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LOW FREEZING POINT LIQUID, ENRICHED 

IN SOLUTE ELEMENT, WHICH RETARDS 

GROWTH OF CRYSTALLITES 
Fig. 3 — Mode of freezing of long freezing range al- 
loys. a — crystallites form on mold walls, b — second 
crop of crystallites formed after growth of first crop is 
retarded, c — third crop of crystallites. 


always present—at locations just outside the enriched 
zone. Growth of this second crop of crystallites is re- 
tarded as before, and as the result a third batch of 
crystallites is nucleated still further towards the in- 
terior of the casting (Fig. 3). This process repeats it- 
self many times in a matter of a minute or so until 
crystallites have been nucleated throughout the entire 
casting. 

Freezing then proceeds by the gradual enlargement 
of all the crystallites, this process taking place simulta- 
neously throughout the entire volume of the casting 
as indicated in Fig. 4. The important characteristic of 
the pasty mode of freezing (Fig. 4) is that the casting 
is nowhere completely solid until the last stages of 
freezing, but throughout most of the freezing period 
consists of a mixture of liquid and solid. At first this 
mixture is fluid, the bulk of it being liquid and the 
solid crystallites representing only a small volume. 
After a little while when the crystallites have grown, 
the mixture, although still fluid, becomes sluggish and 


pasty. 
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Fig. 4— Mode of freezing of alloys of long freezing 
range. 


At a still later stage when the crystallites represent 
perhaps 70 per cent of the volume of the casting, they 
begin to adhere and interlock. At this stage the freez- 
ing casting begins to become rigid. This mode of freez- 
ing leads to a macrostructure composed of equiaxial 
crystals. For obvious reasons the crystallites close to 
the mold walls are somewhat larger than those in the 
center of the casting. 


ALLOYING ELEMENT EFFECT 

In practice, if we start from a pure metal and grad- 
ually add an alloying element, the mechanism of 
freezing changes imperceptibly from that shown in 
Fig. 1 through that depicted in Fig. 2 to that shown 
in Fig. 4. It is therefore true to say that there are real- 
ly an infinite number of modes of freezing. In practice, 
some of the alloys of group two, at least under certain 
conditions, exhibit a mode of freezing which is inter- 











mediate between the modes shown in Figs. 2 and 4. In 
the intermediate manner of freezing the growth re 
striction factor is not sufficient to completely stifle 
growth of the crystallites formed initially on the mold 
wall. 

These in fact, are able to struggle forward towards 
the liquid core of the casting, but the growth restric- 
tion factor prevents them from linking up sideways 
until late in freezing. This mode of freezing is shown 
in Fig. 5. Freezing in this way is similar to the skin 
forming mode of freezing described earlier in that 
crystallite growth is largely columnar, although some 
equiaxial crystals may form in the central regions of 
the casting, as illustrated in Fig. 5. However, this type 
of freezing is more akin to the pasty mode of freezing 
in other respects, particularly in that for some con- 
siderable time there is no wholly solid or wholly liquid 
region in the solidifying casting. 
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Fig. 5 — Intermediate mode of freezing of alloys of 
moderate freezing range (c.f., Figs. 2 and 4). 


As mentioned earlier, certain copper alloys, partic- 
ularly the tin bronzes, can show either pasty freezing 
or the intermediate type of freezing depending on the 
conditions of solidification. When freezing rates are 
fairly low, as with high pouring temperatures and 
thick sections, the tendency is towards the interme- 
diate type of freezing. On the other hand, the pasty 
equiaxial mode of freezing generally takes place when 
freezing rates are high, as in thin sections or when the 
casting is poured with only a small superheat. 


RATES OF FREEZING 


Relatively little information is available on rates of 
freezing in copper alloy castings. It is probably true 
that less information is available for copper alloys 
than for either ferrous alloys or aluminum alloys. In 
the case of linear alloys not freezing by skin formation, 
the freezing rate may be well represented by an equa- 


tion of the form d=q \/ t —C.* Unfortunately little 





*In this equation d is the linear distance frozen (in in.) in time 
t (min); q is a constant known as the solidification constant 
and depends on the properties of the metal and mold; C is 
another constant governed mainly by the pouring temperature. 


687 





SOLIDIFICATION TIME 
SAND 


TIME - MINUTES 





























v 


2 

| 
Ss 2 
S23 
Zé 


oo a zzd 
PEEGs ass 
zs22 3°"3 
= aw 2 


Fig. 6 — Solidification times of 7 in. square section 
castings in various alloys. 


information is available on the value of q for copper 
and its alloys, although some years ago Ruddle and 
Mincher! obtained values of 0.27 in./min” for copper 
and for aluminum bronze. Pellini and his co-workers? 
have investigated the solidification times of a number 
of non-ferrous and ferrous alloys including copper 
alloys in 7 in. square sections and some of their re- 
sults are reproduced in Fig. 6. 


ALLOY FEEDING MECHANISM 


The mode of freezing of an alloy generally has a 
profound effect on the mechanism of feeding and 
copper alloys are certainly no exception to this rule. 
In the case of alloys freezing by skin formation, the 
freezing shrinkage is normally compensated for by the 
formation of a central pipe. This pipe, in the case of 
a pure metal which freezes according to the ideal skin 
formation picture described above is perfectly sym- 
metrical in shape, and indeed its shape may be de- 
scribed by mathematical equations. 

However, most alloys of group one of practical 
importance, as mentioned earlier, do not quite fall 
into the ideal skin formation behavior, but the so- 
lidification front is serrated rather than plane. As 
the result, although a pipe forms much as in the case 
of a pure metal in the earlier stages of freezing, its 
surface tends to be rougher and less regular in shape. 
In addition, in the last stages of the feeding process, 
the dendrite tips may be left standing proud. As the 
result of this, the bottom of the funnel formed by 
the pipe tends to be somewhat ragged in shape. 

On occasion there may be secondary pipe formed as 
the serrations, i.e., the dendrite tips tend to bridge 
across the narrow part of the funnel and obstruct the 
feed metal flow. This is of course, particularly prone 
to occur in the case of long castings and ingots, and 
this kind of shrinkage is often referred to as center- 
line shrinkage. In more complex shapes this mode of 
freezing tends to lead to a combination of centerline 
shrinkage with relatively large cavities at local heat 
centers as shown in Fig. 7. 
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The problem of preventing the formation of these 
cavities resolyes itself into a matter of securing direc- 
tional freezing so that the cavities are chased into 
the feeder heads. 
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Fig. 7 — Shrinkage cavities in alloys by “skin forma- 
tion.” 


Long Freezing Range Alloys 

The mechanism of feeding in the alloys of long 
freezing range which freeze in the pasty manner is 
more complicated. During the early stages of freez- 
ing, while the metal in the mold is still substantially 
fluid, solidification shrinkage is obviously compen- 
sated simply by settling of the material in the mold. 
This process is known as “mass feeding.”® As a 
generalization, it may perhaps be said that something 
like half the total freezing shrinkage is usually com- 
pensated for in this way. However, once the solidify- 
ing metal loses its fluidity and begins to set up as 
described earlier, this mechanism of feeding ceases 
to apply. 

From this stage on the casting consists of a con- 
siderable number of growing crystallites which are 
quite large, between which there exist regions of 
liquid which are sometimes continuous and some- 
times isolated. These channels are thin and tortuous 
at this stage, so it is easy to see that further feeding 
must be difficult. This is especially true when it is 
realized that all the solid crystals are competing for 
the available feeding liquid at the same time. No 
doubt some feeding does take place by movement of 
liquid down the tortuous interdendritic channels, but 
there is evidence to show that unless special methods 
are adopted to produce a high rate of freezing, for 
example heavy chilling of the casting or the use of 
exothermic materials, the extent of this type of feed- 
ing is small. Therefore, it is not surprising to find 
that commercial castings in group two frequently 
contain from 114 to 214 per cent or more of dispersed 
porosity. 

Typically, porosity in castings in alloys freezing in 
the pasty manner tends to consist of regions of coarse 
dispersed porosity in the heat centers, with finer 
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Fig. 8 — Forms of shrinkage porosity in sand castings 
in alloys which freeze in “pasty” manner. 


porosity distributed throughout much of the rest of 
the casting, as shown in Fig. 8. This fine porosity 
may sometimes be in the form of layers, and may or 
may not be of the interconnecting variety. 

The process of mass feeding which takes place in 
the early stages of freezing is normally aided by 
atmospheric pressure, which of course acts on the 
walls of the casting tending to oppose the formation 
of any cavities within the casting. For example, if 
a chunky casting is made in red brass without any 
feeders at all, it is interesting to find that the amount 
of shrinkage porosity is not particularly great. The 
reason is that atmospheric pressure has dished the 
walls of the casting, thus compacting the solidifying 
mass and aiding the mass feeding. If a small riser is 
attached to the casting only a slight reduction in 
porosity is accomplished, but much of the dishing of 
the walls is avoided (Fig. 9). 
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Fig. 9 — Plots of volume and porosity against feeder 
size of a 4x 4x8 in. red brass casting made in a sand 
mold. 


Surface Sinking Reduction 


Increase in the size of the riser further reduces sur- 
face sinking (i.e., increases the volume of the cast- 
ing) but has little effect on internal soundness as Fig. 
8 shows. Use of large risers which will produce direc- 














tional freezing actually decreases soundness.* The 
reason for this is that the casting and riser combined 
are now so massive that freezing is slow, as explained 
previously, and feeding is least efficient in these con- 
ditions. With these alloys the effect of a riser is there- 
fore more one of pressurizing the plastic mass so as 
to fill out the mold cavity than one of improved 
feeding. 

Alloys which freeze in the intermediate manner 
tend to exhibit feeding characteristics of both skin 
forming alloys and pasty freezing alloys. Shrinkage, 
although somewhat dispersed, is less so than in case 
of the pasty freezing alloys. There is quite a strong 
tendency for centerline shrinkage, or at least a cen- 
tral region of slightly dispersed shrinkage to form. 
In contrast with pasty freezing, where shrinkage is 
dispersed almost uniformly throughout entire sections 
of the casting, the walls of castings which freeze in 
the intermediate manner are generally almost fully 
sound, most of the unsoundness being concentrated in 
the central regions. 

The probable reason for this is that the inter- 
dendritic channels in alloys which freeze in the in- 
termediate manner are more open and feed metal 
is more readily able to flow down them. Castings 
freezing in this manner are therefore characterized 
by sound outer regions and unsound central cores. 
Unfortunately, the user of the casting is frequently 
prone to machine away the sounder metal on the out- 
side and expose the porous material in the inner 
regions. 


GRAIN REFINEMENT 


In recent years the grain refinement of copper 
alloys has received quite a large amount of atten- 
tion from research workers, and methods capable of 
refining the grain structures of most of the com- 
mercial alloys have been developed. The theory of 
grain refinement in copper alloys is much the same 
as that developed previously for aluminum alloys. 
The number of crystals, and hence the grain size, de- 
pends upon the number of nuclei for crystallization 
present in the melt when it is poured and a reduc- 
tion in grain size can be secured by artificially in- 
creasing the number of these nuclei. 

To do this it is necessary to generate in the melt 
small, almost sub-microscopic particles of compounds 
which, by reason of registry of their crystal structure 
with that of the alloy which is being cast and by vir- 
tue also of similarity in the type of interatomic bond- 
ing, are readily able to initiate the solidification of 
crystallites of the alloy. Once this theoretical back- 
ground had been established for aluminum alloys, it 
did not prove to be a particularly difficult matter to 
find additives which could be made to copper alloys, 
and which would form in the melt nuclei of high 
melting point possessing the required crystallographic 
characteristics. 

Several methods of grain refining copper alloys 
were thus developed, for example use of zirconium in 
0.05 per cent quantity with bronzes, gun metals and 
red brass and the use of iron in about | per cent 





*This statement applies to castings of heavy section but is 
not necessarily true of thin sections. 
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Fig. 10 — Effect of 0.06 per cent addition of zirconium 
on grain size porosity, tensile strength and elongation 
of gun metal castings containing 2 per cent zinc poured 
at 2100-2160F. o ----o, unrefined; x— 
o-ee- x, refined with 0.06 per cent zirconium additions. 








quantities in the same alloys.* Iron also refines the 
grain of aluminum bronzes and manganese bronze, 
and as this element is frequently present in the alloy 
for other reasons, grain size is usually fine. Iron-free 
aluminum bronzes and beta brasses can be refined by 
the addition of zirconium (0.03 per cent) and boron 
(0.02 per cent) or by boron alone.5 Other elements, 
such as rare earth metals, are also effective as grain 
refiners. 


Strength Improvement 


In the case of iron-free aluminum bronzes, these 
grain refining techniques produce a useful improve- 
ment in strength. The effects of grain refinement in 
bronzes and gun metals are more complex. Some im- 
provement in strength and soundness is usually pro- 
duced in well-fed castings which do not develop large 
amounts of shrinkage porosity, as Fig. 10 shows. How- 
ever, the majority of bronze, red brass, gun metal cast- 
ings are not especially well fed, and attempts to 
improve the strength and feeding of poorly fed cast- 
ings have been fruitless. Some efforts may even pro- 
duce a deterioration in pressure tightness. 

Figure 11 shows the distribution of porosity in a 
test casting made without any special refining treat- 
ment so that the structure was relatively coarse 
grained. As can be seen, some dispersed porosity is 











Fig. 11 — Distribution of porosity in a cross grained 
lead brass casting poured at 2120F (finest particles 
are mainly lead). 5 X. 


evident, together with fine lead particles in the out- 
lying regions. However, the porosity is mainly con- 
centrated in the central regions of the casting, and 
microscopical examination showed that it is not of 
the interconnecting variety. Figure 12 shows the same 





Fig. 12 — Distribution of porosity in a zirconium re- 
fined casting in lead brass poured at 2100 F. Note 
severe layer porosity (finest particles are mainly lead). 
5 X. 


casting made in the identical alloy after grain 
finement. The grain refinement has markedly alter: 
the distribution of the porosity which is now finer 
and more widely dispersed. However, worse than t!\is 
is the fact that the. microporosity now tends to >e 
arranged in layers and is of the interconnecti”; 
variety as the result. 

This kind of porosity, sometimes known as “layer 
porosity,” is not infrequently met with in certain 
aluminum alloys. As the result, in many cases where 
grain refinement is applied to castings which are 
essentially poorly fed, i.e., those which contain one 
per cent or more porosity, the natural effect of grain 
refinement is to markedly reduce pressure tightness. 
For this reason it does not appear that grain refine- 
ment is generally useful with bronzes and similar 
alloys. A fine grained structure can also be produced 
in bronze castings by pouring at a low temperature. 
Because of the harmful effect of this structure, this 
practice should generally be avoided at all costs. 

On the other hand where a casting is known to be 
well fed and to be almost completely sound on so- 
lidification (a thin bar or plate might be an example 
of this class of casting), grain refinement may produce 
a useful increase in mechanical properties. 


SEGREGATION EFFECTS 


Space precludes any detailed amount of segregation 
effects in sand cast copper alloy castings, but is per- 
haps worth mentioning that the type of segregation 
found is closely connected with the mode of freez- 
ing. Alloys of group one, which freeze in the skin 
forming manner, as might be expected usually show 
normal segregation. In sand castings the extent of 
this is seldom marked and is usually negligible. Cast- 
ings made in alloys which freeze in the pasty manner, 
on the other hand, will frequently tend to show in- 
verse segregation and even blebbing on the surface. 
“Tin sweat” is the commonest example of this kind 
of segregation. The reason for this type of segregation 
in alloys which freeze in the pasty manner is obvious. 
Until almost the end of the freezing process there are 
local regions on the surface of the casting which main- 
tain a liquid connection with the interior of the cast- 
ing, and clearly if gas evolution takes place in the 
final stages of freezing there is every chance that metal 
can be forced through these channels to the surfaces 
of the casting. Furthermore, at this stage such residual 
liquid as exists in the casting will be highly enriched 
in alloying elements, so that when conditions are 
suitable a marked degree of sweating and inverse 
segregation may be present. 
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SOLIDIFICATION OF METALS 


A Summary 


ABSTRACT 


This is the summation paper of the solidification 
symposium. Its intention is to bring theory and practice 
together. The problem of solidification is complex and 
the factors involved are not always independent of each 
other. The total symposium has presented the basic 
ideas and the present-day accumulated experience in 
the field. From a foundry viewpoint, the main factors 
toward desirable grain structure means a careful selec- 
tion of mold material, mold density, pouring tempera- 
ture, selection and location of exothermic compounds 
and use of foreign body nuclei. 


INTRODUCTION 


The preceding papers of this symposium have dealt 
with the modern concepts of the solidification process, 
and with the solidification of the alloys of greatest 
commercial significance. The purpose of this summary 
is to bring theory and practice together. Generally, we 
would like to eliminate or at least minimize the col- 
umnar structure and have castings freeze with equi- 
axed grains. Most of the time we would like to have 
a small grain size. How to obtain this result is the 
object of these papers. 

Although risering is not a subject for this series of 
papers, solidification shrinkage makes it necessary to 
notice the problem of feeding. Skin forming alloys, 
particularly when columnar structure obtains to con- 
siderable distance, are liable to centerline shrinkage, 
and pasty freezing alloys are subject to microshrink- 
age. Since the solution to the shrinkage problem de- 
pends on the type of the defect which, in turn, de- 
pends on the mode of freezing, these papers furnish a 
starting point for risering studies. 

Mold material is another topic which is beyond the 
scope of this symposium, but since the mold is the 
heat sink whose thermal behavior controls the thermal 
conditions in the casting, and since the mold wall in 
some instances furnishes nuclei for solidification, the 
mold material cannot be neglected. The same can be 
said about chills and exothermic compounds. 
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We may consider that the process by which metal 
transforms from liquid to solid is divided into four 
steps: 


1) Cooling to liquidus temperature. 
2) Undercooling. 

3) Nuclei formation. 

4) Crystal growth. 


At any point in the casting, the metal goes through 
these four stages in order, but when it does so de- 
pends roughly on how far the point is from a mold 
wall. At a given moment of time all four stages may 
be going on in a casting, each at a different location. 


COOLING TO LIQUIDUS TEMPERATURE 


As the liquid metal in the mold cools, it eventually 
reaches the liquidus temperature. This is the highest 
temperature at which solid can form. From a thermo- 
dynamic viewpoint, it is the temperature at which 
the free energy of solid is equal to the free energy of 
liquid. Figure 1 schematically shows the free energy 
curves for liquid and solid as functions of tempera- 
ture. The stable phase at any temperature is that 
which has the lower free energy. If equilibrium was 
obeyed, the metal would be liquid to the liquidus 
temperature and solid below. It has been mentioned 
in several places that this does not happen, and metals 
undercool to a measurable extent before freezing be- 
gins. 

The reason for this departure from equilibrium is 
not difficult to explain. In the liquid, each atom 
moves rather freely and almost independently of other 
atoms. In the solid state, it has restricted movement 
at a prescribed position in the space lattice. In a pure 
metal, the transformation from liquid to solid in- 
volves complicated atomic rearrangement. Such a 
change could easily involve the need for driving force 
plus possibly some triggering mechanism. 

When a solid solution is formed, the solute atoms 
might constitute 10 per cent of the atoms in the 
liquid, for example, and the solid which precipitates 
might have only five atomic per cent of solute. Thus, 
in freezing solid solutions, there are not only the 
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Fig. 1— Schematic diagram showing free energy curves 
for liquid and solid as functions of temperature. The 
free energy difference between liquid and solid in- 
creases with increased undercooling. 


problems associated with atomic rearrangement, but 
also the problem of selecting the proper number of 
each atomic species from a mixture in which the pro- 
portions of atoms are different. 

The solidification of eutectics represents a bigger 
problem, since two or more solid solutions must freeze 
together. 

It is safe to say that cooling to the liquidus tempera- 
ture is a necessary but far from sufficient condition for 
solidification. 


UNDERCOOLING 


It is common practice in discussing solidification to 
refer to the alloy diagram or to equilibrium condi- 
tions. This is satisfactory for purposes of exposition, 
but cannot present a true picture because undercool- 
ing is always present and must be considered in real 
problems. 

Undercooling can come from two different causes. 
Natural undercooling occurs because the temperature 
of the liquid falls continuously and, as mentioned 
above, solidification does not begin at the liquidus 
temperature. Natural undercooling can be increased 
by speed of cooling. If cooling is fast enough, as in a 
thin section, undercooling may be 150 degrees or 
more. 

Constitutional undercooling is caused by the preci- 
pitation of solid solutions. This is explained by refer- 
ence to Fig. 2. The diagram at the top of the figure is 
the usual equilibrium diagram, and it is assumed 
from the diagram that if solid is formed at tempera- 
ture 7, the remaining liquid is enriched in solute be- 
cause the solute content of the solid is less than that 
of the liquid from which it came. Unless diffusion or 
mixing occurs rapidly, the concentration of solute is 


high at the solid-liquid interface, and decreases to tie 
liquid composition at some distance from the in: 
face, as shown by the middle graph. 

Reference to the liquidus line of the upper ch: 
shows that the liquidus temperature increases as ()e 
amount of solute in the liquid decreases. So, using te 
composition-distance curve, we can plot the indicatcd 
liquidus temperature at each distance from the crystal 
face. The resulting curve is marked “liquidus” in the 
lower diagram. If the temperature gradient over the 
same distance is shown by the line marked “gradient,” 
there exists a region, shown by the crosshatching, 
where the metal is undercooled due to the mechanics 
of solidification of solid solutions. 
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Fig. 2— Schematic diagrams showing constitutional 
undercooling is caused by precipitation of solid solu- 
tions. Top — usual equilibrium diagram. If solid is 
formed at temperature 7, the remaining liquid is en- 
riched in solute because the solute content of solid is 
less than that of the liquid from which it came. Liquidus 
line in upper chart shows that liquidus temperature 
increases as the amount of solute in the liquid de- 
creases. Center — composition-distance curve used to 
plot indicated liquidus temperature at each distance 
from the crystal face. Bottom— curve resulting from 
using center chart is marked “liquidus.” If the tempera- 
ture gradient over the same distance is shown by 
line marked “gradient,” lined area is where metal is 
undercooled due to mechanics of solidification of solid 
solutions. 
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Later, it will be shown how constitutional under- 
cooling can cause solidification to change from colum- 
nar to equiaxed type. 

Figure 1 shows that the free energy difference be- 
tween liquid and solid increases with increased under- 
cooling. Thus, the driving force for the transforma- 
tion increases with undercooling. It does not matter 
whether the undercooling is natural or constitutional. 
Undercooling is a necessary and sometimes sufficient 
condition for solidification. 


NUCLEI FORMATION 

It is necessary to recognize two classes of nuclei; 
self nuclei and foreign body nuclei. Foreign body 
nuclei have the lattice structure and atomic bonding 
which permit the freezing metal to attain its natural 
lattice configuration by building onto the nucleus lat- 
tice. Self nuclei are formed from the melt by some 
statistically governed process. The rate at which these 
nuclei, form or the number formed in a given time, is 
related to the amount of undercooling. Free energy 
considerations might suggest that the rate of nuclea- 
tion would increase monotonically with increased un- 
dercooling, but the Tammann curve of Fig. 3 shows 
the relation which does obtain. Rate of nucleation in- 
creases to a maximum and then decreases with in- 
creased undercooling. Some finite amount of under- 
cooling is necessary for any nucleation. 

Self nuclei would be relied on for homogeneous 
nucleation and, it has been said that heterogeneous 
nucleation is far more important in freezing of cast- 
ings. However, self nuclei do play important roles in 
explaining two observations which have been made 
on the freezing of solid solutions. 

It has been noted that certain alloys, notably the 
light alloys with long freezing range, solidify by the 
pasty mode when cast in sand and by the intermediate 
mode when chill cast. Also, it has been noted that 
certain skin forming solid solutions like steel freeze to 
a certain depth with columnar crystals and then solidi- 
fy as equiaxed crystals. Self nuclei seem to be impor- 
tant in both cases. 

When an alloy freezes in the pasty condition, the 
number of nuclei per cu in. or cu mm appears to be 
about the same in every part of the casting. In the 
intermediate mode of solidification, there are more 
nuclei adjacent to the mold wall. The change from 
pasty to intermediate freezing occurs when the mold 
is changed to remove heat faster. Figure 4 shows the 
conditions schematically. As shown in the upper part 
of the figure, there is comparatively little undercool- 
ing in the sand mold even at the mold wall. This 
places the point in Fig. 3 far to the left, showing a 
comparatively low rate of self nucleation which is al- 

most the same throughout the casting. Obviously, 
most of the nuclei are foreign body type and self 
nuclei can be neglected. 


Foreign Body Nuclei 

In the chill mold, the number and distribution of 
foreign body nuclei should be about the same as in 
sand casting. In order to freeze in the intermediate 
manner, the number of nuclei close to the mold wall 
must be increased, as indicated at the bottom of Fig. 4. 


693 





RATE OF NUCLEATION 
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Fig. 3 — Tammann curve showing relationship between 
undercooling and rate of nucleation. 


The cooling rate and therefore the undercooling is 
greater in the chill mold, as indicated in Fig. 4, and 
according to the Tammann curve, the number of 
nuclei should be greatly increased close to the mold 
wall due to increased rate of nucleation. Since foreign 
body nuclei apparently are not “borrowed” from the 
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Fig. 4 — Change of mold conditions to promote faster 
heat removal effect on cooling rate. 
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DISTANCE FROM SOLID-LIQUID INTERFACE 
Fig. 5 — Plot showing undercooling as function of dis- 
tance from interface (short curve). As columnar growth 
proceeds, solute concentration at the interface in- 
creases which leads to greater constitutional under- 
cooling-distance curve increases in height and extent 


(large curve). 


interior of the casting to help in skin forming, the in- 
crease in nuclei must be self nuclei generated by the 
undercooling. 

It was noted above that constitutional undercooling 
could cause the solidification of solid solutions to 
change from the columnar to equiaxed type. Consid- 
eration of Fig. 2 will show that the amount of under- 
cooling will vary with distance from the solid-liquid 
interface, and will be a maximum at some distance d. 
As indicated by the Tammann curve, there is a certain 
amount of undercooling required before self nuclea- 
tion can begin. 

With these two observations, we can consider the 
process by which columnar crystals form to some dis- 
tance and then give way to equiaxed crystals as in the 


freezing of steel, for example. 


Columnar Crystallization 

At the start, when the chill layer has formed and 
columnar crystallization has not gone far, the buildup 
of solute at the solid-liquid interface is not great and 
constitutional undercooling is slight. Plotting under- 
cooling as a function of distance from the interface 
would give a curve like the short one of Fig. 5. How- 
ever, as columnar growth proceeds, solute concentra- 
tion at the interface increases much in the same 
manner as it does in a single pass in zone refining. 

This leads to greater constitutional undercooling, 
and the undercooling-distance curve increases in 
height and extent, as indicated by the larger curve 
of Fig. 5. When undercooling is sufficient self nuclei 
are formed, and equiaxed crystals begin to appear 
ahead of the advancing columnar crystals. 

According to theory, heterogeneous nucleation by 
foreign bodies should be more effective than homo- 
geneous nucleation. Modification of gray iron and of 
aluminum alloys furnish many examples of deliberate 
increase of heterogeneous nucleation. However, it 
was shown above that homogeneous nucleation is of 


more than theoretical interest, since it produces im- 
portant practical effects. 






CRYSTAL GROWTH 


Crystal growth is probably the most complicated 
step of the solidification process. Some of the factors 
involved can be manipulated in casting and some 
cannot, so there is a degree of uncertainty in this step 
of the solidification process. Crystals grow by the proc- 
ess of having atoms in the liquid attach themselves 
to an existing nucleus or crystal. This process extends 
the existing space lattice. There are varying degrees 
of attraction for the added atom. An atom at a corner 
will attract the atom from the liquid more strongly 
than an atom on an edge and the latter will exert 
more attraction than an atom on a plane. Moreover, 
atoms on certain crystallographic planes have more 
attractive force than those on other planes. 

The latter observation explains the reason why 
rate of growth is different in different crystallographic 
directions. This, in turn, gives part of the explanation 
for the development of columnar crystals. 

Recent findings have shown that growth process 
of crystals is a little different from that indicated 
above. In 1945, Dr. H. A. Schwartz, in the annual 
Foundation lecture of A.F.A., showed the picture of 
bismuth crystals which is reproduced here as Fig. 6. 
This mass was found after the mold broke in casting 
and bled off the liquid bismuth. At the time, Dr. 
Schwartz noted the direction of the cube diagonals 

perpendicular to the mold surface and the near per- 
fection of the cubes being formed. 

In the light of knowledge gained since 1945, we 
now notice that the crystals are built up of steps or 
terraces, and that in some places where the cube face 
is almost plane these steps form a sort of spiral. At- 
oms seeking to attach themselves to the solid will be 
attracted by these steps, and tend to fill them in and 
yet retain some vestige of the spiral pattern. This can 
lead to the generation of a screw dislocation, which 

was mentioned briefly by Form and Wallace. These 
screw dislocations form a step on a crystal face and so 
facilitate deposition of atoms. This type of dislocation 
has become regarded as almost a necessary condition 
for crystal growth. 

It can be seen that if crystal growth is reduced to 
its fundamentals the factors involved are not subject 
to control by modern foundry technology, but crystal 
growth can be controlled by indirect means. 










Heat of Fusion 
One thing that must always be remembered in 


considering crystal growth is the fact that as solidifica- 
tion proceeds, the latent heat of fusion is released 
continuously. If this heat is not removed, it can raise 
the temperature of solid and surrounding liquid to 
the value where freezing stops. Removal of this heat 
requires a temperature gradient. Of course, the local 
release of heat of fusion creates a temporary hot spot 
which tends to cause a gradient in all directions. 
This is not completely satisfactory, because heat 
follows the gradient and some of the heat of fusion 
would heat the liquid, thus destroying the conditions 
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Fig. 6 — Bismuth crystals mass found after 
mold broke in casting and liquid bismuth bled 
off by Dr. H. A. Schwartz in 1945. 


for nucleation and further crystal growth. Tempera- 
ture gradients must exist so that the latent heat of 
fusion flows into the already solid metal and then into 
the mold. 

When such a temperature gradient is established, it 
has a further effect on the direction of crystal growth. 
It has been noted in several places that columnar 
crystals grow along a line of temperature gradient. It 
has been shown that when steep gradients exist there 
is some undercooling, and this also affects the rate 
of grain growth. The Tammann curves, one of which 
was shown in Fig. 3, are commonly published in pairs 
as in Fig. 7. It can be noted that the rate of growth 
curve like the rate of nucleation curve passes through 
a maximum. Whether this is a direct result of the 
relation between rate of liberation of latent heat of 
fusion and rate of disposal of this heat or is some 
result of undercooling itself might be argued. For the 
foundryman’s present purpose, the observation is far 
more important than the mechanism. 

Columnar crystals are not desirable, and so it is 
useful to examine their growth. If cooling rate is 
slow due to too mild a temperature gradient the crys- 
tals grow in a preferred direction, and the buildup of 
solute in the liquid has time to level out thus pre- 
venting constitutional undercooling and the resulting 
nucleation of equiaxed crystals. This merely results in 
segregation in the center of the casting. On the other 
hand, fast cooling results in fast growth in the direc- 
tion of the steep thermal gradient, and does not give 
time for nucleation of equiaxed grains to occur or to 
be effective. There exists for any alloy an inter- 
mediate range of thermal gradients and cooling rates, 
which are most conducive to equiaxed structures. 

Dendritic solidification is another thing which must 
be watched. High rates of freezing, and slight temper- 
ature gradients in the liquid, favor dendritic forma- 
tion. 


CONCLUSION 


It is not possible to give detailed solution of the 
problem of how to obtain a fine equiaxed grain 
structure in a given casting. However, principles are 





known and can be used in studying the problem. 
Probably each casting is a separate problem. 

The main factors leading toward desirable grain 
structure are: 


1) Relatively fast cooling. 
2) Proper temperature gradient. 
3) Artificial nucleation. 


From a foundry viewpoint, this means careful and 
perhaps ingeneous selection of mold material, mold 
density, pouring temperature, selection and location 
of exothermic compounds, use of foreign body nuclei. 

The problem of solidification is complex and the 
factors involved are always not independent of each 
other. This symposium has presented the basic ideas 
and accumulated experience in the field. Further ad- 
vances may not be easy, but the papers presented here 
may make it easier because they place present knowl- 
edge and practice in one place. 
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Fig. 7 —Tammann curves showing rate of nucleation 
curve and rate of growth curve. 








MAGNESIUM FOUNDRY 


PRACTICE DEVELOPMENTS 


by J. House 


ABSTRACT 


Many advances have been made in magnesium found- 
ing techniques in the last several years. Included are 
the ability to make larger, thinner and more dimension- 
ally precise castings. Sand technology has expanded to 
include sodium silicate carbon dioxide and shell cores 
and waterless molding sands. Techniques for casting in 
inserts and for developing intricate passageways have 
become commonplace. 

New alloys have been developed that allow higher 
temperature applications and higher strength applica- 
tions at both room and elevated temperatures. Quality 
control techniques have expanded to allow even more 
consistent high quality castings. 


INTRODUCTION 


Recent developments in magnesium foundry prac- 
tice have been in the direction of taking fuller 
advantage of the outstanding castability of these al- 
loys. There has been a continued broadening of the 
design ranges which have come to be regarded as 
feasible for magnesium foundrymen to handle. From 
the extremely large to the extremely small; from the 
highly intricate and thin-walled to the massive cast- 
ings, magnesium alloys have proved themselves to 
have the necessary versatility to do many varied jobs. 
The following points out some of the various de- 
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Fig. 1 — 1450 lb Nike-Hercules system casting. 
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sign range “frontiers” in which progress has been 
made in recent years. 


LARGE CASTINGS 


Figure 1 shows the Nike-Hercules base casting that 
is a vital component of the ground control system 
for guiding this missile. This 1450 lb casting has now 
been made by three different magnesium foundries, 
showing that the maturing magnesium casting in- 
dustry is capable of offering multiple sources for 
even the more difficult parts. 

The design of the part makes it necessary to use 
a large number of massive dry sand cores for the 
forming of the numerous box-like compartments that 
are incorporated in the design. The conventional 
way of producing the coring for these box-like com- 
partments would be to split the coring at some con- 
venient level with a horizontal parting line. Each 
of the two resulting cores would thus be made in 
a dump box on a flat core plate. 

These two half cores would then need to be 
“rubbed” in a rub jig or core grinder to compen- 
sate for the slumpage of the cores prior to and dur- 
ing baking. These rubbed half cores would then 
need to be assembled to form the complete coring 
for the compartment. 

In the CO, process a way was seen first, to avoid 
much of the labor involved in this conventional prac- 
tice, and second, to achieve improved dimensional 
accuracy in the finished core. A third dividend from 
the use of the CO, process was the savings of sand 
realized by making the core hollow. Figure 2 illus- 
trates various stages of the making of these co. es. 

Figure 3 shows the cope pattern, and in the back- 
ground the molder is finishing the copy. Figure 4 
shows the mold being closed. Note the steel cheek- 
frame (there is no cheek mold) that supports the 
cope at the proper height. Note also the clamps that 
hold the hollow CO, sand cores in and keep them 
from being forced apart by the internal pressure of 
the metal when it is poured into the mold. 

This mold was poured from six 750 Ib capacity 
crucibles, four of which were poured at a normal 
temperature, and two of which were poured into thé 
risers at a higher casting temperature. 


CORE PROCESSES 


At the other end of the size scale, investment 
castings, some weighing only a fraction of an ounce, 
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Fig. 2 — As-gassed core with dummy blocks removed. 





Fig. 4 — Closing Nike-Hercules base casting mold. 


are being regularly cast by several foundries. Anoth- 
er design range where attention to minute detail has 
been required is in the field of wave guides for 
radar equipment. In this field, too, several foundries 
have demonstrated skills bordering on the unbeliev- 
able. Wave guide passages are specified to tolerances 
of +0.005 in. or less, and with surface finishes as 
fine as 63 micro-in. 

To achieve tolerances of this kind, (as we did in 
making the huge Nike base casting) the practical 
value of processes by which the core can be hard- 
ened in the core box are encountered. The conven- 
tional practice of removing the green core from the 
box, then imparting its final strength by a baking 
operation, is simply not adequate to achieve extreme 
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Fig. 3 — View of cope pattern and cope mold. 





precision reproducibly. There is a great need for de- 
veloping other economical binder systems similar to 
the CO, process that will allow cores to be hard- 
ened in precision core boxes. 


Preferably, such systems should not require heating 
of the core box, with the attendant dimensional 
changes that such heating produces, although many 
wave guide cores have been made in this manner, 
that is, by baking the core in the box. The CO, 
process itself has three major disadvantages: 


1) Poor collapsibility of the core. 

2) High tendency for gas evolution from the binder, 
which requires a relatively high permeability base 
sand in order to avoid blows. 
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Fig. 5 — Shell core. 


3) Relatively poor surface finish of a water-glass 
bonded core as compared with either an oil sand 
or a resin-bonded sand of comparable base sand 
fineness. 


Development of a binder system that would allow 
quick hardening of the core in the box, while avoid- 
ing these disadvantages, would permit further sub- 
stantial advances in the production of reproducibly 
precise castings. 


Shell Core Process 


One process that permits hardening of the core 
in the box is the shell core process. By this process, 
a sand coated with phenol-formaldehyde binder is 
introduced into a heated metal core box. Flow of 
heat from the box into the sand produces a hard- 
ened shell on the core. When a sufficient shell has 
formed to impart rigidity, the excess, unhardened 
sand is dumped out. The resulting shell core is re- 
moved from the box. 

This process shares some of the disadvantages of 
the CO, process, especially the relatively poor collap- 





sibility or breakdown characteristics of the binder. 
Distortion of the core box equipment and of the 
cores due to the large temperature cycles involyed 
also militates against the extreme dimensional pre- 
cision that is attainable with cold processes. How- 
ever, the shell process has some decided advantages 
that make its use highly logical for some applications. 

First, good surface finish, stemming from excellent 
core surface hardness, is attainable, making possille 
the production of strong cores capable of withstand- 
ing rough handling, even in design ranges having 
high length: cross-section area ratios. A third advan- 
tage of the process is the relative ease with which 
long cores of small cross-sectional area can be made. 
The extreme flowability of the coated sands allows 
cores having small cross-sections to be blown full 
and firm with simple rigging and equipment. 

Figures 5 and 6 show a number of typical shell cores 


that have been made in the author’s company’s: 


foundry. It is doubtful whether some of these de- 
signs could have been made successfully on a pro- 
duction basis by any other available process. 


CAST IN PASSAGEWAYS 


As the necessary foundry skills become more wide 
spread, designers are taking increasing advantage of 
the possibility of incorporating long passages of small 
cross-sectional area in castings. Previous figures have 
shown examples wherein the shell core process is 
useful in this design area. Other processes are now 
available, on a license-arrangement basis, whereby 
even smaller diameter passages of yet greater length 
can be successfully produced. 

Figure 7 shows a part incorporating both shell 
cores and special passage cores for the circulation 
of cooling fluids through the walls of an instrument 
housing. Castings in this design range are now pro- 
duced on a routine production basis by several mag- 
nesium foundries. Development of these techniques 
has long since passed the stage where it is to be re- 
garded as a “trick-molding” job; the techniques are 
now a production practice. 


Fig. 6 — Shell cores. 
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Fig. 7 — Mold half showing special cores 
and shell core in places. Assembly at 
upper left is identical to that which is in 
place in left side of mold. 


The casting-in of stainless steel or other metal tub- 
ing is, of course, another practice that can be, and 
is, used extensively to aid and abet the designer in 
simplifying the problem of transferring fluids from 
one location to another in cast assemblies. 


THIN WALL CASTINGS 


Another “design frontier” on which important ad- 
vances have been made in recent years is in the 
casting of thin wall parts. This frontier was pioneer- 
ed by certain West Coast magnesium foundrymen, 
who exploited the exceptional castability of magne- 
sium alloys to satisfy the design needs of the air- 
frame industry. These efforts demonstrated the fea- 
sibility of producing parts with much thinner walls 
than had previously been considered practical. To- 
day, numerous magnesium foundries throughout the 
country are offering castings in the thin wall design 
range. 

While there has been a great deal of publicity 
describing the design characteristics of thin wall parts 
that have been produced, there has been little dis- 
closure of the specific techniques employed to achieve 
these results. One notable exception to this general- 
ization is the quite recent discovery at M.I.T. of the 
value of hexachloroethane as a fluidity spray for alu- 
minum alloys. The work done with magnesium has 
confirmed the published results, indicating that this 
mold surface preparation has a decided effectiveness 
in improving the apparent fluidity in thin sections of 
magnesium alloys cast into sand molds. 

There is a relatively new practice of chemically 
milling magnesium alloys. This allows selected areas 
to be reduced in thickness chemically, which lets the 
foundryman cast sections that are not misrun prone. 


This gives the designer a new range of thin sections, 
without the penalty of poor casting efficiencies. 


MOLDING SAND 


Another rather recent development that shows great 
promise is the development of waterless molding 
sands. One with which the author's company has had 
production experience is a modified form of benton- 
ite, which derives its bond strength from oil as a 
tempering medium rather than water. The company 
believes this development has significance for mag- 
nesium. It makes sense to keep water away from 
molten magnesium, from the point of view of avoid- 
ing reaction. Even more significant than a reduction 
in the amount of needed inhibitors, are the other 
benefits conferred by the absence of water. 

First, this sand has much better flowability than 
water tempered sand. Also, since the oil used to 
temper the sand is much less volatile than water, 
much less gas is generated when the molten metal 
contacts the sand mold. There is, hence, less need 
for as high mold permeability. This permits the use 
of finer base sands, which give superior casting sur- 
face smoothness without encountering blow-type de- 
fects. Another dividend accruing from the low vol- 
atility of the tempering oil is the prolonged shelf 
life of the molding sand heap. 

The heap remains moldable for literally weeks 
without any special protection against exposure to the 
atmosphere. However, some disadvantage must be 
scored against the waterless sand in a complete ap- 
praisal of it. For high production of heavy section 
castings, excessive sand temperatures can develop un- 
less adequate provisions are made for cooling the 
sand heap. Also, the excellent retention of green 
strength that results from failure of the sand to “dry 
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out” is not an unmixed blessing. It makes for diffi- 
culty in screening the sand for removal of lumps of 
core sand, pieces of metal and other foreign materials 
that chance to get mixed with it. 

For these reasons, the adoption of waterless sand 
may complicate the mechanical sand handling equip- 
ment appropriate for high production work. These 
mechanical difficulties, plus the rather high price of 
this binder, may tend to retard the wide-spread adop- 
tion of this type sand. But it is the author’s com- 
pany’s feeling that the technical advantage to be 
gained will outweigh these considerations, and that 
this type of sand has great promise for the future. 


ALLOY DEVELOPMENT 

Mention should also be made of the progress in 
recent years in the development and application of 
new alloys. Not too many years ago, the Mg-Al-Zn 
family of alloys were the only magnesium casting 
alloys of any commercial significance. The wide- 
spread use of the rare earth zirconium-containing al- 
loys, such as EZ33A, while hardly in the category of 
recent developments, .perhaps deserves mention. 
These alloys have proved useful where elevated tem- 
perature problems are encountered. The excellent 
pressure tightness of these alloys has led to their ex- 
tensive use where this factor alone has governed al- 
loy choice. 

Still another factor that has recently dictated the 
choice of rare earth alloys in preference to the Mg- 
Al-Zn family alloys is the superior thermal conduc- 
tivity of the former. In certain instrument housings 
where heat transfer has been a consideration, EZ33A 
alloy has been designated primarily on the basis of 
this characteristic. In addition, this alloy has a high 
damping capacity, which further enhances its use in 
applications where vibration suppression is necessary. 

No news, either, is the fact that the development 
of the thorium-containing alloys, such as HK3I, rep- 
resented a further advance in designing for elevated 
temperature applications. As a testimony to the fact 
that the thorium alloys are no mere laboratory curi- 
osity, and in spite of the costly nature of the alloy- 
ing ingredients, the author’s company’s foundry alone 
has produced over 750,000 ib of thorium-containing 
alloy castings to date. 

There has been much less commercial exploita- 
tion of the high strength, room temperature, mag- 
nesium alloys that have been made available. The 
Hg-Zn-Zr alloys, such as ZK51 and ZK6l, offer out- 
standingly high room temperature properties, but are 
considerably less castable than the conventional Mg- 
Al-Zn family alloys, especially in thin wall configu- 
rations. It is also most difficult to weld repair the 
Mg-Zn-Zr alloys successfully. Various additions such 
as rare earth and thorium to the Mg-Zn-Zr alloys 
have been developed to overcome these weldability 
and castability shortcomings. It is believed that all of 
these alloys have excellent potential, and that there 
will be increasing exploitation of them in this coun- 
try as there has been in England and in Canada. 

A rather recent development is the composition 
QE22 alloy, a silver-didymium-zirconium alloy, devel- 
oped in England, where it is designated as MSR al- 


loy. It can be reported that this alloy has castab lity 
comparable to Mg-Th-Zr alloys. It has the advaniage 
of possessing not only excellent room temperature 
properties, but that it retains good strength into (air. 
ly high temperature ranges. It is sensitive to the yate 
of cooling after solution heat treatment, and there. 
fore, requires a rapid quench. This along with the 
costly nature of its constituent alloying elements «on- 
stitute its most serious deficiency. 

The ability of didymium to increase the strength 
of magnesium at elevated temperatures has also been 
exploited in EK31XA alloy, where didymium has 
been used to replace the mischmetal, and thereby, in- 
crease the properties of an established alloy. 


QUALITY CONTROL IMPROVEMENTS 


A few words might also be said about the im- 
provements in quality control techniques. The in- 
spectors are continually finding more and better ways 
to find defects. This is discouraging to production 
people, but has the effect of opening design fron- 
tiers where every part must have the ultimate that the 
alloy can deliver. 

Freezing a small sample of metal under vacuum 
is commonplace in the aluminum casting industry as 
a method for checking for dissolved hydrogen. By 
lowering the solidification pressure, this technique is 
applicable to the Mg-Al-Zn alloys, allowing magnesi- 
um founders to check and control the amount of dis- 
solved hydrogen before pouring. 

In the field of x-ray nearly all of the magnesium 
foundries have changed to a finer grained, relatively 
slow film in the last few years. This change tends to 
insure high contrast, which gives defects better defi- 
nition. 

Ultrasonic inspection of castings has, in general, 
been unsatisfactory because the equipment could not 
differentiate between defects and the naturally occur- 
ring changes in section. Ultrasonic equipment is now 
available, however, that will read wall thicknesses. 
This is important in applications where long small 
cross-section passageways are cast in, and until this 
equipment became available, only destructive test- 
ing could tell the wall thickness of devious passage- 
ways in a casting. 

Improvements have also been made in the dye pen- 
etrant inspection field. Not only have more effective 
systems been made available for complete all-over in- 
spections, but dye penetrants and developers are now 
available in small pressure bottles for checking small 
areas. This latter system lends itself well to the first 
inspection operation, to make quick inspections on 
doubtful sections of castings. 


SUMMARY 


Recent developments in magnesium foundry prac- 
tice have allowed the industry to encompass more 
designs by offering larger castings, more dimension- 
ally precise castings, castings with more intricate cor- 
ing, castings with relatively extensive thin walls, cast- 
ing with more versatile physical properties and cast- 
ings of even more consistent high quality. While most 
of these developments are only extensions of older 
technology, the sum of them is impressive. 
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FABRICATION 


ABSTRACT 


Through modern technology new materials and proc- 
esses have been formulated. To use these new proc- 
esses efficiently, one must evaluate each process and 
utilize the one most applicable to sound manufacturing 
and economics. Castings, forgings, shaping and joining 
processes are evaluated by the author. If the engineer- 
ing designs and applications for a given part are ex- 
acting, and the materials and processes used which are 
best suited for the particular part, economic operation 
can be realized. 


INTRODUCTION 


“Economic methods and material application” is 
a doctrine in business operations that is as basic and 
vital as livelihood itself. It is so fundamental that it 
has been the motivating force around which busi- 
ness life exists and thrives. It is natural then that it 
be woven into all the functional aspects of industry. 
Its industry-wide appeal and importance is attested 
to by the millions of dollars which are being spent on 
research and manufacturing development. It has 
generated, more than anything else, a systematic ap- 
proach to all manufacturing problems and has tied 
together all levels of manufacturing to this cause. 

To start such a program you will find inertia on 
the part of many to impede your way. Figure | shows 
an appropriate list of idea killers. 

At the author’s company we operate under a phi- 
losophy of “J.7.4.B.W.O.D.I.”-or-“Is there a better 
way of doing it?” In looking for better ways to make 
a given part we naturally turn to those that are cur- 
rently in production which can be made by a better 
method. The conditions that predict how a given part 
will be fabricated are always changing. The quantity 
of parts to be made changes as production continues; 
in addition, the quality level may change with field 
experience. 


Economics Effect 


Often times these better ways are not the new and 
exotic type, but are straight forward and purely eco- 
nomic decisions. Figure 2 shows a bracket which was 
initially fabricated, and was a satisfactory and eco- 
nomical part at the time. As production increased, 
there was sufficient justification cost-wise to make it 
as a casting. The result was a more economical, 
better and cheaper part. 


J. G. FRANTZREB is with Caterpillar Tractor Co., Peoria, Ill. 
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METHODS EVALUATION 


by J. G. Frantzreb 


Figure 3 shows another bracket which was changed 
from a welded fabrication to a simple formed plate. 

There are innumerable more examples of chang- 
ing from one fabrication method to another. This is 
a never ending process. To continue a little further, 
a piece of tubing and barstock welded together was 
converted to a simple forging. This conversion re- 
sulted in a considerable savings. Another part was 






LET'S SHELVE IT FOR THE TIME BEING - 
_ FE WON'T WORK IN OUR INDUSTRY 
Wom ak meer aaa a 
WE'LL BE THE LAUGHING STOCK 
WE'RE NOT READY FOR THAT ONT 
LET'S GET BACK TO REALITY sant 

THAT WILL MAKE OTHER EQUIPMENT OBSOLETE 


TOP MANAGEMENT WOULD NEVER GO FOR IT 


Fig. 1— To overcome the inertia in beginning a pro- 
gram of systematic approach to all manufacturing 
problems, many “idea killers” or “road blocks to prog- 
ress” must be overcome. 








Fig. 2 — Left — bracket which was fabricated in old 
method of manufacture. Right — new method of manu- 
facture shows bracket as a casting. 
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made from a forging and is now being made from 
barstock at a considerable savings. The conversion 
does not always go in the same direction. Some parts 
are converted to castings, as some are converted to 
other processes. 


New Technology 


Many times changes are associated with new tech- 
nology. One part that was a gray iron casting was 
converted to a high strength aluminum die casting. 
This conversion created a part of equal or superior 
strength at a lesser cost and also a part with greater 
customer appeal, as far as appearance is concerned. 
Figure 4 shows a bracket on which used to be arc 
welded a small nut. Projection welding made a more 
presentable part at a lower cost. 

Figure 5 shows a riveted assembly on the left 


Fig. 4— Bracket which was 
changed from arc welding (left) 
to projection welding (right). 





Fig. 3 — Bracket which was changed from a welded 
fabrication (left) to a formed plate (right). 


which was converted to a weldment. This change 
produced a stronger and cheaper part. It is inter- 
esting to note that the weldment on the right has 


been further refined. Sometimes these conversions are - 


more simple than this. Figure 6 shows a slotted nut 
which, by changing the casting method, is now cast 
in the slot eliminating a machining operation and 
saving several thousand dollars a year. Sometimes a 
change in materials can save money. Figure 7 shows 
a bronze casting that was changed to an aluminum 
casting. Figure 8 shows an example that went in the 
other direction, that is, from an aluminum part to 
a gray iron part. 

These figures (Figs. 1-8) show that each part must 
be studied individually, and the best and most eco- 
nomical method of fabrication must be chosen when 
one considers the production requirements, the 
strength levels and the other factors which predict 
the fabrication procedure that will be used. In any 
type of production business, designers must be con- 
stantly looking at these factors if they are going to 
remain an economical producer. Our competition 





Fig. 5 — Riveted assembly (left) which was 
converted to a weldment (right). 
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Fig. 6— Slotted nut which by 
changing casting method is now 
made with cast in slots and 
machining is eliminated. Left — 
milied slots; right — cast slots. 





Fig. 8 — Casting that was con- 
verted from aluminum (left) to 
gray iron (right). 


will not let us forget the lessons that can be shown 
in these figures. 


Material Economic Use 

The economic use of material, then, is dependent 
in great measure upon economic methods of fabrica- 
tion which, in turn, embraces many aspects of proc- 
essing. The goal is to keep the manufacturing cost 
per piece to a minimum, and to this end we must 
channel all our manufacturing, metallurgical and 
purchasing skills to make it a reality. 

This economic use of materials and methods should 
be of deep concern to the foundry industry for it af- 
fects the industry's existence. Table 1 showing found- 
ry tonnage as reported by the bureau of census for 
years since World War II seems to point this out. 
While other manufacturing industry has had a re- 
ported annual growth of 3 per cent per year, the 
foundry industry has not shared in this growth, so 
by comparison has lost ground. These materials 
are all being replaced by design changes to some al- 
ternate. 
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Fig. 7 — Casting that was converted from bronze (left) 
to aluminum (right). 





TABLE 1— INDUSTRY TRENDS 








Annual 
Tonnage 
Type Loss 
Gray Iron Castings, % .........0sseecececeeseeeeees 3 
Matlicable tran Castings, % .... 6... .cscccccsacdnneces 3 
fe PPP Perrrrrrer rr: Terry re rr 0 
Non-Ferrous Castings, % ...... 2. 0.0s200e 
CPP ee ee ee T3 8 Wiese Hae 





FOUNDING 


If a person were to spend some time in observing 
modern road construction or mining operations, he 
would be impressed by the ruggedness of the earth- 
moving equipment employed. Upon further obser- 
vation he would see a veritable steel monster made 
up of intricate combinations of sturdy metal assem- 
blies being subjected to almost unbelievably high 
loads. At the author’s company the important part 
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Fig. 9 — Section cut from a cylinder head. 


iron and steel play in the ultimate performance of 
the product is realized. It must be sound, and it 
must lend itself to correct fabrication and processing. 
For this reason, the company’s interest extends to 
the pouring ladle itself. 

There are three inherent basic problems in 
foundry practice which have caused stumbling blocks 
in subsequent fabrication operations, and which have 
resulted in costly changes in processing or initiated 
added expense in the form of closer controls. 


Cleanliness 

Cleanliness of cast products presents annoying 
problems when machining is required. Valuable tools 
are broken and time is lost. Cast surfaces that are 
painted soon point up to the ultimate customer the 
quality of the product he has received. Today's in- 
creased use of complicated hydraulic castings demand 
the ultimate in cleanliness to protect delicate mech- 
anisms. 

It is hoped that the day is not too far when cast- 
ings are available with minimum concern for their 
cleanliness status. 


Tolerance 

An intimate understanding of the planned proc- 
essing a customer intends to use is a must for suc- 
cessful foundry products. Locating points from 
which dimensions are controlled must be free of part- 
ing lines, draft and other variables. 


Soundness 


Due to the pressure in releasing casting drawings, 
and the lack of adequate lead time, foundries are 
some times forced into making quality subordinate 
to economy and urgency. The practice of panoramic 
x-ray examination, and then sectioning the initial 
casting or castings following pattern change, is to be 
highly recommended as a means of shortening the 
time required to produce castings with superior re- 
liability. 

MATERIALS 

It is beyond the scope of this presentation except 

to hint at the tremendous activities taking place in 


the development of materials. Problems of strength, 
fatigue and notch sensitivity, weight, heat and cor- 


rosion resistance, extreme wear and higher ho:se- 
power all have challenged the engineer in exp! it- 
ing the full potentials of materials (Table 2). 


TABLE 2— COMPARATIVE PHYSICAL PROPERTI:£S 








Endurance 
Tensile Properties, Elong., Limit, 
psi %o Ps 
Cast Materials 7 
Gray Iron 
30,000 0 14,500 
40,000 0 19,000 


Pearlitic Malleable 60,000 yield; 80,000 ult. 3.0 $2,000 
Pearlitic Ductile 60,000 yield; 80,000 ult. 3.00 $2,000 


Cast Steel 45,000 yield; 80,000 ult. 17.00 38,000 
Wrought Steel 

Mild Steel 43,000 yield; 65,000 ult. 36 33,000 

Hi Mn-Lo Carbon 


45,000 yield; 70,000 ult. 22 35,000 





It has expanded and it is continuing to extend the 
potentials of ferrous and nonferrous metals. High 
strength alloys with strength levels approaching 400,- 
000 psi are in sight. Magnesium and aluminum offer 
great possibilities for light mietals with relatively high 
strengths. Powdered metals are being pressed into 
shape, and are being used as bearing materials to re- 
place copper-base metals. 

The alloying effects of elements such as rare 
earths, columbium, vanadium and the old standbys, 
sulfur and lead are continually being evaluated to en- 
hance the fabrication and utilization of metals at 
higher hardness and strength levels. 

The usage of plastics is extending beyond the house- 
hold commodity. They are becoming more and more 
a part of the author’s company’s prime products in 
applications previously made of metal or other ma- 
terials. Reinforcement of plastic parts can be done 
through overlay or coated type construction, as well 
as metal particle impregnation to enhance the tough- 
ening properties of plastics for applications where 
more strength is required. 

It is important to note that materials (irons in- 
cluded) are being purchased more and more with 
specific metallurgical properties of specific physical 
requirments, and are being combined in farbricized 
designs to take advantage of the full potential of each 
material in a composite assembly. Needless to say, the 
burden of application lies in establishing sound and 
practical manufacturing methods to adopt such de- 
signing principles. 


CASTINGS 


The casting technique is the most direct in con- 
verting molten metal in a specifically prepared mold 
into a desired shape. Figure 9 is a section cut from a 
cylinder head. 

Strength requirement is a factor in the use of cast- 
ings. However, even within their strength potential 
they must compete with other methods of fabrication 
on a cost/piece rather than cost/lb basis (Fig. 10). 
For example, you will note, in comparing the cast- 
ing with its fabricated counter part, that the cost/ 
Ib is practically the same. Because of the added 
weight of the casting necessary to perform the same 
function as the fabricated assembly, the cost of the 
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casting is approximately one-third more. In this par- 
ticular case, the fabricated assembly affords better 
overall performance because of some design advan- 
tages built around better material properties, that is 
to say, the ability to put the right material in the 
right place. 

In offering higher strength and tougher material, 
the casting industry is looking to malleable and duc- 
tile iron and steel castings. Table 2 shows relative 
strength levels of these type castings as they compare 
with gray iron and wrought steel. It should suffice 
to say that adding alloying elements and special heat 
treatment can elevate these physical properties. One 
must assure himself that he has the necessary metal- 
lurgical quality in these materials to guarantee the 
physical properties published for each material. 

To improve the weight factor and finish the cast- 
ings, better control and special techniques are much 
in use today. Notable among these is shell molding, 
made of fine grain sand and a resin binder in a highly 
finished pattern which is cured by heating to further 
harden and strengthen the mold. Where warranted, 
it is better than green sand molding, and in many 
cases the resultant casting tolerances have been close 
enough to eliminate some machining costs—drilling 
operations included. Large and fast molding equip- 
ment is a Must in economic casting operations. One 
such method is the blowing of a shell mold, sche- 
matically shown in Fig. 11. 

Closely related in significance is carbon dioxide 
(CO,) molding. This molding technique uses green 
sand mixed with a water glass binder, and is set by 
gassing the mold with carbon dioxide. The mold is 
hard and rigid, and maintains close tolerances and 
surface finishes similar to shell molding. This meth- 
od lends itself well to small lots and requires a mini- 
mum of equipment. 

Another is permanent molding. As the name sug- 
gests the mold can be reused and can be made of 
graphite, gray iron, water-cooled copper molds, to 
name a few. This application is predominately for 
nonferrous cast material. Because of the rigidity of 
the mold close tolerance can be maintained. 

In pressure casting the molten metal is forced into 
a mold cavity by centrifugal force or ram pressure. 
Sounder and denser castings are obtained with this 


Fig. 11— Shell molding blower. 
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Fig. 10 — Cost comparison between casting and fabrica- 
tion. 


method. In obtaining closer control on melting prac- 
tice, induction and vacuum melting is also in use. 


FORGING 


Forgifigs like castings find themselves in the same 
cost competition, though not restricted to the same 
strength limitations. Hammer, drop and upset forg- 
ing capacities have expanded to include presses of 
50,000 tons, open frame press 200 tons and closed die 
forgings weighing 5 tons. Automatic mult handling 
and induction heating have reduced the cost of the 
unit forging. In the case of induction heating, heat 
can be applied to only that portion of the mult that 
needs to be formed. High die costs tend to keep forg- 
ing costs up. 

Ingot improvement, standardization of billet sizes 
for forging mults and closer dimensional forge toler- 
ances are all keys to forging progress. 

Cold extrusion techniques go a long way in solv- 
ing some of the dimensional problems of con- 
ventional forging and are economically attractive es- 
pecially where less initial material can be used and 
high production is required. Figure 12 shows a slug 
of metal being cold extruded forward and in reverse 
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simultaneously with the nose of the punch, guiding 
the smaller section of the extrusion through the die 
while the larger diameter section flows back over the 
punch guided by the top portion of the die. Prac- 
tically all of the original slug is used to give an 
extruded part with close enough tolerances so as to 
require little or no machining, depending on the ap- 
plication. 

Cold extrusion lends itself well to cylindrical 
shapes. Size applications are limited to approx- 
imately 25 lb extrusions. Further limitations are 
caused by available lubricants needed to condition 
the surface during deformation. The operation is ra- 
pid and the cost of operation somewhat expensive. 
Therefore, heavy production is needed to offset this 
cost so that the cost per piece can be low enough to 
make this application desirable. 


Forming 

There are several new advances in metal forming. 
One is mechanical which uses intricate machinery to 
bend plates in multi-directions (Fig. 13). Localized 
heating of the affected areas as well as metal stretch- 
ing can be incorporated. The economy of this oper- 
ation is such that a fabricated assembly can be pro- 
duced with a minimum amount of joints. This could 
mean a reduction in welding or fastening operation. 

The use of explosives is the more exciting innova- 
tion in forming (Fig. 14). The work piece or blank 
of metal is placed over a female die. An explosive 
charge of a prescribed amount is placed over the 
blank at a measured distance. Upon detonation, the 
impact forces the blank into the die cavity making 
it conform ‘to the shape of the die. The illustration 
shows the charge in a liquid medium which adds to 
the flow and direction of the charge impulses. 

In addition, the die can be subjected to a vacuum 
to accelerate, even further, the almost instantaneous 
forming action. Parts of varying shapes and sizes can 
be formed, and one would do well to seek out the 
benefits of this method of forming on parts that are 
difficult to form otherwise. Some companies are 
now realizing a cost savings with the use of explo- 
sive forming. 


Fig. 12 — Cold extrusion. 


Spin forming uses spinners or rolls to shape a 
sheet or a blank of metal to the contour of the rolls. 
Figure 15 shows a sheet of metal being spun into a 
cone shape. The cost figures shown in this figure 
establish the trend of application. Note the high tool 
cost for stamping. High production would tend to off- 
set this. Note, too, that automatic spinning tends to 
reduce further the cost of forming. However, amorti- 
zation costs tend to increase it. Needless to say, high 
production is the key to lowering any unit cost. In- 
cidentally, hot spin forming is also employed in shap- 
ing more simplified blanks which prior to this 
were formed in forging presses. 


SHAPING 


Flame Cutting is fast taking its place along side 
shearing operations. In fact, flame cutting equipment 
offers a low initial investment cost, and lends itself 
to cutting heavier plates, more intricate shapes and 
in the case of thin sheets or plates stack cutting can 
be done. The multi-burner layouts are electronically 
controlled to give fine cuts, and with the use of less 
expensive fuel such as natural gas flame cutting costs 
can be equal to and even less than shearing. (Fig. 16) 

In the case of intricate shapes, with the use of 
proper flame cutting procedures distortion can be 
held to a minimum. Multi-shearing and punching op- 
erations can be consolidated into one cutting opera- 
tion and expensive dies can be eliminated. This can 
be a significant factor in cost of operations, particu- 
larly where the cost of expensive dies must be ab- 
sorbed in small production lots. 

Stamping and blanking is a rapid method of shap- 
ing materials, because it lends itself to mechanical 
handling of material offering an extremely econom- 
ical operation. Stack stamping as is the case with 
stack flame cutting is also effectively used. 


MACHINING 


The trend in modern machine application is to 
combine as many operations as is possible in one ma- 
chine. Where several operations were performed on 
different machines and stations, today we have ma- 
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Fig. 13 — One piece construction in multi- 
directional bending. 





Fig. 15 — Spin forming. 
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Fig. 14— Explosive forming with explosive 
charge in a liquid medium which adds to the 
flow and direction of the charge impulses. 
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chines that do multiple operations with one setup. 
Indexing and machine cycle manipulation of speeds 
and feeds are automatically being adapted for nu- 
merical or program control. Tape controls previously 
prepared by computer or hand computations are ap- 
plied. The results are measured in uninterrupted 
production, and overall higher efficiency. Production 
lines can be laid out to complete the mechaniza- 
tion of individual machines and operations. 


JOINING 


In the past 10 or 15 years, welding has made tre- 
mendous strides. It is not treated as an art any longer, 
but as a science. Weld application has received most 
of its stimulation from a resulting trend toward fab- 
ricated assemblies. The designer is continually seek- 
ing to combine best materials in the most simplified 
construction so as to make an assembly as adapta- 
ble, light and strong as is possible. Welding has been 
an important tool in fulfilling the designer’s wish- 
es in an efficient manner. 

Recognizing the fact that welding is an estab- 
lished science, it has definite restrictions in applica- 
tion. Throughout its use, we seek to apply the best 
know-how and precautions to give a metallurgically 
sound weldment that will first meet engineering re- 
quirements and one that will give a good appearance. 
To do this, many methods of welding are available. 
Knowing first which techniques are applicable se- 
lect the one which is most economical. 

In considering the economic weld operations, cer- 
tain factors should be kept in mind. 


1) Simplicity of operation—whether it is adaptable to 
automatic or fixture type welding to gain more 
actual welding time. 

2) Adaptability to automatic positioning. 

3) Fastest rate of weld metal deposition. 

4) Least effect on parent metal. 


Fig. 16 — Flame cutting. 


5) Alignment of the assembly. 


There are many basic and also exciting weld tech- 
niques available, each with its own potentials. 

Stick electrodes (Fig. 17), in spite of all the new 
innovations will continue to be used in good meas- 
ure. They are utilized in inaccessible areas and for 
complex constructions. Iron powder electrodes make 
use of a bare rod covered with a heavy iron powder 
coating which when subjected to higher current loads 
will melt and deposit as much as 100 per cent more 
weld metal than a conventionally coated electrode. 


Continuous Wire Welding 


Continuous wire electrode welding can be substi- 
tuted for the stick electrode when better accessibility 
to the weld joint and more continuous welding is 
possible. The wire serves as the electrode which is 
fed and consumed in a molten pool. The rate of wire 
feed is usually controlled by load or voltage varia- 
tions. There is a definite correlation with the wire 
size, speed, voltage, current and gap as it relates to a 
certain joint. Greater depths of penetration and de- 
position rates are obtainable. 

One such system uses a powder flux which flows 
down and around the wire and helps shield the 
molten pool. This system is known as submerged arc 
welding. Another system uses gas such as argon or 
carbon dioxide in place of the flux powder used in 
submerged arc welding. It is usually referred to as in- 
ert gas and CO, welding. These systems can be used 
in combination, and do give clean welds. In most 
cases, cleaning operations are reduced appreciably 
and even eliminated. 

For rapid weld deposition and deep penetration 
the electroslag method (Fig. 18) can deposit as much 
as 45 lb of metal/hr as compared to the more con- 
ventional continuous wire welding of 22 lb/hr. The 
electroslag can utilize multi-wire welding and a three 
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Fig. 17 — Stick electrode welding. 


Fig. 19 — Resistance welding. 


Fig. 18 — Electroslag 





welding. 











Fig. 20 — Flash welding. 


wire setup can deposit as much as 135 lb/hr. No 
grooves or joint preparation is necessary to weld a 
6 in. thick plate throughout in one pass. A flux cored 
wire is used. 

You will note, too, that the electrode contact is much 
further back on the wire.so as to place more of it 
in the resistance field. This gives the effect of pre- 
heating the consumable electrode, and boosts its melt 
down rate. The pool of slag above the molten metal 
deposit adds to the resistance of the cycle, and too it 
increases the heating rate of the wire. 


Resistance Welding 


Resistance welding (Fig. 19) joins two metal sec- 
tions by placing these sections between copper elec- 
trodes. Current is conducted from one electrode to 
the other through the metal. The electrical resistance 
of the metal produces sufficient heat to fuse the 
metal under an applied pressure. Interrupted welds 
can be employed so as to reduce the cost of more ex- 
tensive welding. To facilitate spot welding, projec- 
tions are preformed on surfaces to be welded so that 
the current and heat can be concentrated more ef- 
fectively. 

There are several modifications to resistance weld- 
ing. In flash welding (Fig. 20) the current jumps 
across a controlled gap between two metal faces, and 
the metal faces are heated in this fashion until they 
become plastic. At this point the metal is pressed 
together and fused. Flash weld is usually employed 
for butt welding. The weld action is rapid, and there 
is but a narrow heat affected zone in the parent metal 
adjacent to the weld. The flash or excess metal is 
removed after welding. Dissimilar metals can be 
joined more effectively in overcoming the problem 
of difference in thermal expansion. 








Wherever possible automatic or semi-automatic 
welding is used. It supplies a more efficient opera- 
tion, higher quality and better reproducible welds. 
A good example of progressive continuous welding can 
be found in the welding of tube stock. As the sheet 
of plate is progressively wrapped around in a tubular 
form, the butt faces make point contact with elec- 
trodes that heat these faces to a plastic heat. Pres- 
sure is then applied to the heated faces which fuses 
them together. 

Positioning fixtures are important in welding. 
Weld processing of a complex structure must be well 
procedured to reduce distortion or movement. 
Proper fixturing will allow the grouping of various 
weld sequences in the most efficient manner. 

There are several welding techniques which in- 
clude the most advanced scientific methods. These 
are electron beam, plasma heat and ultrasonic weld- 
ing. 

Brazing 

High temperature brazing is much in evidence par- 
ticularly in the application of honeycomb or sand- 
wich constructions. Sheets are sandwiched together by 
a ribbed or corrugated center and placed in a high 
temperature furnace, which is atmosphere controlled 
to keep the assembly clean. Copper is generally used 
in fusing the multi-joining faces. : 

The aircraft industry has stimulated the use of ad- 
hesives in metal joining. This was brought about by 
the use of resin in combination with rubber which 
when cured gives a high strength due to the thermal 
setting of the resin and the vibration resistance sup- 
plied by the rubber. Aluminum and plastic honey- 
comb or sandwich constructions which have been 
joined by adhesives are used in aircraft fabrication 
to take advantage of greater strength to ratio struc- 
tures. Adhesive mixtures are critical in nature and 
need close control. Many types of quality control 
tests are employed to maintain functional quality of 
the joints produced. 


CONCLUSION 


Modern technology has formulated a steady pro- 
cession of new and exciting materials. Just as excit- 
ing is the parade of unique processes accompanying 
them. In their use, one can greatly affect the other; 
so they must be placed in the right perspective. We 
cannot speak of economic use of materials unless we 
give due consideration to the methods that are avail- 
able to utilize them. 

As necessary as economic operation is to sound 
manufacturing operation, it is not obtained just for 
the asking. Rather, it is earned by exacting engineer- 
ing designs and application, blended with the proper 
use of the best materials and manufacturing proc- 
esses available, supported by a well rounded comple- 
ment of trained personnel who can produce the in- 
tended end product and submit it to the customer 
at a price he can afford and is willing to pay. 

Economic operation is a day-in and day-out con- 
scientious effort of systematically going about doing 
a good job of measuring and recognizing all the fac- 
tors that go into making a job more efficient and put- 
ting them to proper use. 
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BASIC-ELECTRIC STEELS 


DEPHOSPHORIZATION AND 
DESULFURIZATION KINETICS 


Some considerations 


ABSTRACT 


Data generated in recent metallurgical process in- 
vestigations were analyzed to study the kinetics of 
dephosphorization and desulfurization during the pro- 
duction of steel in a 61 ton basic-electric arc furnace. 
The analysis revealed: 

1) Dephosphorization proceeds in accordance with 
the transfer reaction 

Prnctal Posing (12) 
and is representative of a first-order type kinetic re- 
action with respect to the steel’s phosphorus content. 

: _ .. [| dlog /P] 
The logarithmic rate of dephosphorization ead 
is constant throughout the oxidizing period of a heat, 
but increases in magnitude from heat to heat when 


P 
the average dephosphorizing power | increases in 


value. 
2) Desulfurization proceeds in accordance with the 
transfer reaction; 
Seta 1 Ss, lag (23) 
and is representative of a first-order type kinetic re- 
action with respect to the steel’s sulfur content. The 


d log [' =~] 
dt 

stant throughout the reducing period of a heat, but in- 

creases in magnitude from heat to heat when, a) the 


logarithmic rate of desulfurization [ is con- 


Ss 
average desulfurizing power [rs] increases in value, or 


b) an average slag parameter equal to the slag’s basicity 
(% CaO) | 
SiO2) (% FeO) 





divided by its oxidizing power [ 
(% 


increases in magnitude. 


INTRODUCTION 


A complete description of the chemistry of steel- 
making must necessarily include the kinetics of the 
refining processes. The term kinetics must be inter- 
preted in the broadest sense to include, in the case 
of a heterogeneous reaction, rates of mass transfer to 
and from a phase boundary and rates of simulta- 
neously occurring reactions at the phase interface. A 
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metal-slag reaction is, therefore, generally described 
as involving transfer of the reactants from the bulk 
phases to the metal-slag phase boundary, single or 
multiple reactions at the boundary and transfer of 
the reaction products from the boundary into the 
bulk phases. 

Limiting cases whereby the overall process rate is 
controlled by the rate of sufficiently slow step are, 
fortunately, of frequent occurrence and permit at- 
tention to be focused on either a single mass transfer 
step or a single boundary reaction. 

Desulfurization kinetics of carbon-saturated iron 
and steels in the molten state has been the topic of 
a number of laboratory and plant-scale investi- 
gations.!:2.3 While laboratory investigations are 
fruitful in testing hypotheses and/or evolving mech- 
anisms, there is no great certainty in extrapolation of 
the quantitative results to plant-scale facilities. This 
unfortunate consequence follows from the inability 
to separate the quantitative results of kinetic experi- 
ments on heterogeneous reactions from the geome- 
try and convection patterns associated with the re- 
action vessel. 

Hence, analysis of production-scale data in light of 
existing theories and mechanisms would seem to be 
of value in establishing actual production-scale quan- 
titative results. This report is the result of such an 
analysis. 

The kinetic theory of the general metal-slag reac- 
tion has been presented in the literature.¢ A com- 
mon assumption in the analysis of a metal-slag refin- 
ing process is transport control. The assumption of 
transport control here, or, equivalently, postulation 
of chemical equilibrium at the metal-slag phase 
boundary, is in keeping with the electrochemical na- 
ture or “nonmolecularity” of the pertinent phase 
boundary reactions. 

If it is further assumed that the overall rate of the 
refining process involving removal of species i from 
the metal phase is controlled by transport of the 
1 ag from the bulk metal to the phase boundary, 
then for a differential element of interface area, the 
instantaneous rate of mass flux or species i from the 
metal to the slag may be written as 
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F,= r (E,° — C,') (1) 


D, is the diffusion coefficient in the metal. 
8, is the effective boundary layer thickness. 
C,® is the bulk metal molar concentration. 
C,! is the interface molar concentration. 
denotes species i. 


eid 


This assumption is justified gn the basis of a highly 
turbulent slag. Neglecting variations in the term 


aa (C2 —C,!) with position on the interface surface, 
i 


the total instantaneous mass flux is then given by 


fran = FA CP — Ci) (2) 


where integration is over the area A of the metal-slag 
phase boundary. 
From a material balance on species i, 





DA ws cn. VG _~ aCe 
3, pe oe Foe (3) 
or 
dC? DA 
= . ~ 3 (C,? — C,') (4) 


where ¢ denotes time, and V the volume of the metal, 
is taken as constant. If it is assumed that C,! is small 





in comparison with C,’, and that variations in ae 
i 
are negligible, then 
dc,’ 
ae “= =aC,° (5) 
where 
D,A 
=——— 6 
tans &:V (6) 
and is constant. 
By definition, 
cae Ni Ww, on Y,= W, _ Z,= W, (7)° 
'™V~ V(MW), V(MW), 100V (MW), 
where 
N, denotes moles. 
W, Mass. 
(MW), molecular weight. 
, mass fraction. 
Z, Mass per cent. 
As a close approximation, we have 
dC? _ = W, dZ, (8) 
dt  l100V(MW), dt 
and equation (5) may be written as 
dZ 
~ St = ad, (9) 
from which 
a 
— logsy 2 = sang t+ by (10) 


With the given assumptions, the transfer reaction 
written schematically as 


inetalleiag (11) 


may be said to be of “first-order” with respect to 
species 1. 


PROCEDURE 


Data obtained in recent metallurgical process in- 
vestigations at the Rodman Laboratory of Watertown 
Arsenal were analyzed using equation (10) in order 
to study the significance of the proposed pseudo-first- 
order kinetic model for desulfurization and de- 
phosphorization under actual basic-electric steelmak- 
ing conditions. The process investigations were con- 
ducted for the purpose of developing an operating 
procedure for producing high quality, low sulfur and 
low phosphorus steels in a 614 ton, basic-electric arc 
furnace. 

The melting practice, previously reported in de- 
tail,5 initially produced 4140 A.I.S.I. steel and was 
later used to produce 4330, high nickel 4325, 1040 
and 4340 A.I.S.I. steels. At periodic time intervals 
during the desulfurization, or reducing, period and 
dephosphorization, or oxidizing, period, samples of 
metal and slag were extracted from the respective 
bulk phases. The steel samples were quantitatively 
analyzed for elemental content (sulfur and phosphor- 
us included) and the slag samples for silicon dioxide, 
iron oxide, calcium oxide, sulfur and phosphorus 
content. 


RESULTS AND DISCUSSION 


Dephosphorization occurs only during the oxidizing 
period of a basic-electric heat. Taking the ith com- 
ponent as the element phosphorus during this stage of 
the refining cycle, equation (11) can be written as 


Pactnt PF eteg (12) 


Denote [P] as the weight per cent of phosphorus in 
the liquid metal and (P) as the weight per cent of 
phosphorus in the slag. Thus, equation (10) becomes 


— ap 
log [P] = + sang t+ bp (13) 
The data presented in Table | were statistically ana- 
lyzed to evaluate the significance of the proposed first- 
order reaction model, expressed by equation (13), for 
the transfer reaction (12). 

Figure | illustrates the graphic representation of 
the data presented in Table | relating the logarithm 
of the steel’s phosphorus content to the process time 
after meltdown. The resultant correlation coefficients 
of the linear regression equations are in the order of 
0.98 (see Appendix), and the equations for the lines 
illustrated in Fig. | are: 


A. log [P] = —0.00816t — 1.778 (14') 
B. log [/P] = —0.00397t — 1.942 (15') 
C. log [P] = —0.00141t — 2.054 (16') 
D. log [P] = —0.00490t — 2.067 (17') 
E. log [P] = —0.0057]}t — 1.889 (18’) 
F. log /P] = —0.00218t — 2.049 (19) 
G. log [P] = —0.00785t — 1.920 (20’) 
H. log [P] = —0.00302t — 1.728 (21') 


These statistical results were then evaluated by em- 
ploying the “student's -t” method and indicated the 
linear regression equations [(14’) - (21’)] are significant 
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at the 0.05 confidence level. Thus, dephosphorization 
during the oxidizing period of a basic-electric heat 
can be described as being first-order with respect to 
the steel’s phosphorus content. 

Further examination of the equations [(14’) - (21’)], 
illustrated- in Fig. 1, shows that although the slopes of 
the equations are constant during each individual ox- 
idizing period, i.e., 


_dlog[P]_ a 


de =: 2.508 (14) 





they do vary in magnitude from heat to heat, i.e., 


Lssal.~Lesos],~Lases]- 


What condition, if any, existing in the furnace en- 
vironment causes the difference in the slopes of these 
linear kinetic equations? Vatiation in metal and slag 
compositions from heat to heat may offer a partial an- 
swer to this question. Assumitig the metal composi- 
tion variable is itisignificant and concentrating on the 
variation in slag compositions, it is evidefit that during 
the oxidizing period of a heat, the average dephos- 
(P)___(% phosphorus in the slag) 

[P] [% phosphorus in the metal’ : 
a constant but does vary in magnitude from heat to 


heat, i.e., 
m)--[8L- 
FI Ka~| rey |, (16) 


Does the variation in the average dephosphorizing 
power parameter correlate with the change in the 
slope of the kinetic equations? i.e., is 


d dlog[P] _ (P) 
a oe LB) (7) 





phorizing power, 


Assuming a linear relationship between these two par- 
ameters, we have 


dlog[P]_, | (P) 
a =k, | | TC, (18) 


The data obtained, which are presented in Table 2 
and graphically represented in Fig. 2, were statistically 
analyzed to evaluate the significance of equation (18) 
under actual basic-electric steel-making conditions. 
The linear regression analysis of the résults yielded a 
correlation coefficient of 0.80 (see Appendix) and 
an equation for the line illustrated in Fig. 2: 


_ dlog [P] _ (P) 
— = + 0.000208 F4 + 0.00035 (19) 
Employment of the “student’s -t” method to evaluate 
these statistical results indicated that equation (19) is 
significant at the 0.05 confidence level. Thus, the log- 
arithmic rate of dephosphorization, which is constant 
during the oxidizing period of a basic-electric heat, in- 
creases linearly in magnitude from heat to heat with 
increasing values of the average dephosphorizing 
power. It can be seen that an increase in the magni- 
tude of the average dephosphorizing power would 
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TABLE 1— PHOSPHORUS CONTENTS OF SEVERAL 
BASIC-ELECTRIC STEEL HEATS FROM MELTDOWN 
THROUGH OXIDIZING PERIOD 








Per cent Time After 
Phosphorus Meltdown 
Heat in the Steel in Min 

No. Type of Steel [%P] Log [%P] (t) 
A A.LS.1. 4140 0.022 — 1.657 0 
0.008 — 2.097 20 

0.004 —2.398 80 

0.001 — 3.000 150 

B A.1S.1. 4140 0.012 —1.921 0 
0.006 — 2.097 30 

0.005 —2.301 95 

0.003 —2.523 145 

Cc A.1S.I. 4140 0.009 — 2.046 0 
0.008 — 2.097 20 

0.007 —2.155 80 

0.006 —2.222 115 

D A.1.S.1. 4330 0.008 — 2.097 0 
0.007 —2.155 20 

0.004 —2.398 80 

0.002 — 2.699 120 

E A.1S.1. 4330 0.011 —1.959 0 
0.010 — 2.000 20 

0.008 —2.097 80 

0.002 — 2.699 110 

F A.LS.I. 4325 0.009 — 2.046 0 
0.008 —2.097 20 

0.006 —2.222 -80 

0.005 —2.301 115 

G A.1.S.1. 1040 0.011 — 1.959 0 
0.009 — 2.046 20 

0.003 —2.523 80 

0.001 — 3.000 135 

H A.1S.1. 4340 0.017 —1.770 0 
0.017 —1.770 15 

0.016 —1.796 — 30 

0.015 — 1.824 45 

0.015 — 1.824 59 

0.011 — 1.959 77 

0.009 — 2.046 90 

0.009 — 2.046 104 





then decrease the time required for maximum phos- 
phorus removal from the steel. 

In the literature it is stated that the dephosphorizing 
power is related to the slag composition by the re- 
lation 





(P) (% CaO) (% FeO) |" 
dds | (% SiO.) | Oh 


(% CaO) 
(% SiOz) 
(% FeO) is the slag oxidizing power. 


where 


is the slag basicity. 


Thus, the logarithmic rate of dephosphorization can 
also vary linearly from heat to heat with respect to the 
average slag parameter, as suggested by: 


d log [P] (% CaO) (% FeO) ]° 
ee oe ks| (% SiO.) | i 
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Fig. 1— Influence of time elapsed after melt- 
down on the phosphorus content of steel used. 
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Fig. 2— Relationship between average dephosphoriza- basic-electric steel heats and the computed logarithmic 
tion powers existing during the oxidizing periods of rates of dephosphorization. 

several basic-electric steel heats and the computed 

logarithmic rates of dephosphorization. 








The data presented in Table 2, and graphically repre- 
sented in Fig. 3, were statistically analyzed to evaluate 
the significance of equation (21) under actual basic- 
electric steelmaking conditions. The linear regression 
analysis of these results yielded a correlation coeffi- 
cient of 0.609 (see Appendix) and the equation for 
the line illustrated in Fig. 3: 


TABLE 2 — LOGARITHMIC RATES OF DEPHOSPHORI- 
ZATION, AVERAGE DEPHOSPHORIZING POWERS 
AND AVERAGE SLAG PARAMETERS FOR 
SEVERAL BASIC-ELECTRIC STEEL HEATS 





Logarithmic Avg. 
Rateof Dephos- 














Dephos- _ phoriz- 
phoriza- ing Avg. Slag 
tion Power Parameter 
Heat TLog[%P] (P) (%CaO/(%FeO) [(%Ca0)(%FeO)> 0-69 
No. dt [P] (%SiOo) (%SiO») 
A —0.00816 23.2 68.7 18.51 
B —0.00397 12.7 45.4 13.91 
Cc -—0.00141 11.2 29.5 10.33 
D —0.00490 29.9 40.4 12.84 
E —0.00571 28.8 28.2 10.01 
F —0.00218 13.2 62.2 17.29 
G —0.00785 34.6 91.7 22.60 
H -—0.00302 11.7 25.2 9.33 
dlog[P] _ 
eis 
CaO) (% FeO) |? 
+ o.00os21| (% a) (Zo | + 0.00004 (22) 
(% SiOz) 


The “student's -t” test revealed that equation (22) is 
insignificant at the 0.05 confidence level. Thus, the 
logarithmic rate of dephosphorization can not be 
shown to directly depend on the proposed slag vari- 
able in the above manner, but can only be said to in- 
crease in magnitude with increasing values of the av- 
erage slag parameter. 

Desulfurization occurs principally during the reduc- 
ing period of a basic-electric heat. Taking the ith com- 
ponent as the element sulfur during this stage of the 
refining cycle, equation (11) can be written: 


Seta Seiag (23) 
Equation (10) becomes: 


as 


5303 t+b, (24) 





— log [S] = + 


The data presented in Table 3 were statistically ana- 
lyzed to evaluate the significance of the proposed first- 
order reaction model under actual steelmaking condi- 
tions, as expressed by equation (24) for the transfer 
reaction (23). 

Figure 4 graphically illustrates the data presented 
in Table 3 relating the logarithm of the steel’s sulfur 
content to the process time after the shape-up of the 
reducing slag. The resultant correlation coefficients 
of the linear regression analyses are in the order of 
0.90 (see Appendix), and the equations for the lines 
illustrated in Fig. 4 are: 
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TABLE 3— SULFUR CONTENTS OF SEVERAL BASIC- 
ELECTRIC STEEL HEATS FROM SHAPE-UP OF 
REDUCING SLAG TO TAP 











Time After 
Per cent Shape-Up 
Sulfur of the Re- 
Heat in the Steel ducing Slag 
No. Type of Steel [%S] Log[%S] in Min (t) 
A A.LS.I. 4140 0.029 — 1.537 0 
0.024 — 1.620 10 
0.020 — 1.699 20 
0.018 —1.745 50 
0.017 —1.770 66 
B A.LS.I. 4140 0.033 —1.481 0 
0.024 — 1.620 16 
0.028 —1.553 31 
0.026 —1.585 46 
0.022 — 1.657 66 
0.019 —1.721 79 
Cc A.LS.I. 4140 0.018 —1.745 0 
0.016 — 1.796 15 
0.015 — 1.824 30 
0.014 — 1.854 45 
0.013 — 1.886 61 
D A.LS.I. 4330 0.014 — 1.854 0 
0.011 — 1.959 15 
0.012 —1.921 25 
0.009 —2.051 40 
0.008 — 2.097 55 
0.007 —2.155 70 
0.005 —2.301 104 
E A.LS.1. 4330 0.018 —1.745 0 
0.015 — 1.824 15 
0.017 —1.770 30 
0.014 — 1.854 45 
0.014 — 1.854 60 
0.014 — 1.854 75 
0.012 —1.921 90 
F A.LS.I. 4325 0.017 —1.770 0 
0.014 — 1.854 ll 
0.012 —1.921 26 
0.011 —1.959 41 
0.011 —1.959 56 
0.011 — 1.959 71 
0.011 — 1.959 86 
0.010 — 2.000 101 
G A.1S.1. 4340 0.021 — 1.678 0 
0.019 —1.721 20 
0.013 — 1.886 44 
0.010 — 2.000 59 
0.008 —2.097 74 
0.006 —2.222 94 
0.005 —2.301 101 
A. log [S] = —0.00317t — 1.581 (25) 
B. log [S] = —0.00241t — 1.507 (26) 
C. log [S] = —0.00224t — 1.753 (27) 
D. log [S] = —0.00424t — 1.861 (28) 
E. log [S] = —0.00160t — 1.760 (29) 
F. log [S] = —0.00179t— 1.835 (30) 
G. log [S] = —0.00634t — 1.631 (31) 


Applying the “student's -t” test to these results proved 
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that the linear regression equations [(25)-(31)] are 
significant at the 0.05 confidence level. Thus, desul- 
furization during the reducing period of a _ basic- 
electric heat can be described by as being first-order 
with respect to the steel’s sulfur content. 

Further study of equations [(25)-(31)], and their 
graphic representation in Fig. 4, indicates that the 
slopes of the kinetic equations vary from heat to heat. 
Equation (32) offers a solution to explain this change 
in slope by stating that its magnitude may be a direct 
function of the average desulfurizing power| & | 


existing throughout the reducing period of a basic- 


electric steel heat, i.e., 
d log [S] | (S) ] 

_- SC + k, - + Cs 32 

is] (32) 


dt 
The data presented in Table 4, and graphically repre- 
sented in Fig. 5, were statistically analyzed to evaluate 
the significance of equation (32) under actual steel- 
making conditions. The linear regression analysis 
yielded a correlation coefficient of 0.964 (see Appen- 
dix) and the equation for the line illustrated in Fig. 5: 





dlog [S] _ (S) |_ 
— “lea 5] _ + 0.000879 & | 0.00120 (33) 


The “student's -t” test indicated that equation (33) is 


significant at the 0.05 confidence level. Thus, the log- 


arithmic rate of desulfurization, which is constant 
during the reducing period of a basic-electric heat, in- 
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Fig. 4— Influence of time elapsed after the shape up 
of the reducing slag on the sulfur content of steel used. 


creases linearly in magnitude from heat to heat with 
increasing values of the average desulfurizing power. 
Also, an increase in the average desulfurizing power 
will decrease the time required for maximum sulfur 
removal from the steel. 

Equation (34) proposes another variable which 
may affect the logarithmic rate of desulfurization dur- 
ing the reducing period of a basic-electric heat, name- 
ly, a slag parameter equal to the slag basicity divided 


by its oxidizing power, i.e., 
0.48 
[tse om 


_ dog [S]_ , , (% CaO) 
dt *L(@%Si0.) (% FeO) 


(See reference 6). 


The data presented in Table 4, and graphically repre- 
sented in Fig. 6, were statistically analyzed to evaluate 
the significance of equation (34) under actual basic- 
electric steelmaking conditions. The linear regression 
analysis of these results yielded a correlation coeffi- 
cient of 0.800 (see Appendix), and the equation for 
the line illustrated in Fig. 6: 








* dlog[S] _ 
ee 

(% CaO) aan 35 

+ 0.00376 a SiO.) (% FeO) 0.00099 (35) 


The “student’s -t” test revealed that equation (35) is 
significant at the 0.05 confidence level. Thus, the log- 
arithmic rate of desulfurization does increase in mag- 
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Fig. 5—- Relationship between the average desulfuriza- 
tion powers existing during the reducing periods of 
several basic-electric steel heats and the computed 
logarithmic rates of desulfurization. 


TABLE 4— LOGARITHMIC RATES OF DESULFURI- 
ZATION, AVERAGE DESULFURIZING POWERS 
AND AVERAGE SLAG PARAMETERS FOR 
SEVERAL BASIC-ELECTRIC-STEEL HEATS 





Logarithmic Avg. 
Rate of Desul- 








Desul- furiz- 
furiza- ing Avg. Slag 
tion Power Parameter 
Heat 4 LoS [%8] SS) (%CaO) [ (%CaO) 0.68 
No. dt [S] (%SiOs)(%FeO) L(%SiO2)(%FeO) 
A —0.00317 9.56 0.776 0.886 
B —0.00241 10.23 0.572 0.765 
Cc -—0.00224 8.95 0.956 0.978 
D —0.00424 13.11 1.878 1.353 
E —0.00160 8.59 0.735 0.863 
F  —0.00179 8.74 0.709 0.848 


G —0.00634 20.43 





nitude from heat to heat with increasing values of an 
average slag parameter, equal to the slag basicity 
divided by the slag oxidizing power, as indicated by 
equation (35). 

This kinetic analysis of data generated in a 614 ton 
basic-electric arc furnace produced realistic results 
which are hoped will aid the operating metallurgist 
to establish conditions that will affect the rapid re- 
moval of the detrimental elements phosphorus and 
sulfur from steel. 


CONCLUSIONS 


This investigation revealed that during the produc- 
tion of steel in a 614 ton basic-electric arc furnace: 

Dephosphorization, which occurs primarily during 
the oxidizing period of a heat and proceeds in accord- 
ance with the transfer reaction 


Fig. 6 — Relationship between an average slag param- 
eter existing during the reducing periods of several 
basic-electric heats and the computed logarithmic rates 
of desulfurization. 
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Pte Tous (12) 


is representative of a first-order type kinetic reaction 
with respect to the steel’s phosphorus content as de- 
scribed by the equation, 


—log [P] = + Pat + bp (13) 


2.303 
ag | 
dt 
is constant throughout the oxidizing period of a heat, 
but increases in magnitude from heat to heat when 
the average dephosphorizing power (P) increases 


in value in accordance with the equation, 


The logarithmic rate of dephosphorization | 


d log [P] (P) 
— —-—_ = + 0.000208 | —~ 000 9 
dt 00208 [P} + 0.00035 (19) 

Desulfurization, which occurs primarily during the 
reducing period of a heat, and proceeds in accordance 
with the transfer reaction 
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is representative of a first-order type kinetic reaction 
with respect to the steel’s sulfur content as described 
by the equation, 


a, 

_ = ma ane 4 

log [S] = + 5ah5 t + bs (24) 
S 

The logarithmic rate of desulfurization EE aa A 1] 


is constant throughout the reducing period of a heat, 
but increases in magniture from heat to heat when, 


a), the average desulfurizing power | 3] increases 


value in accordance with the equation 


dt 


and, b), the average slag parameter equal to 
the slag’s basicity divided by its oxidizing power 
| (% CaO) 
(% SiO.) (% FeO) 
with the equation, 
dlog[S] _ 
Te es 


_ 10g 1S] _ + 9.900379 []- 0.00120 (33) 





Jincreases in value in accordance 





(% CaO) 
(% SiO.) (% FeO) 





0.48 
] — 0.00099 (35) 


+ 0.00876 
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APPENDIX 


Linear Regression Analyses of Basic-Electric 
Steelmaking Data Showing Influence of Time 
Elapsed After Meltdown on Steel’s Phosphorus 


Content 


Y = Log [%P] = Log [Per cent Phosphorus in the 


Steel]. (see Table 1) 


X =t= Time Elapsed after Meltdown in Min. (see 
































Table 1) 
Summation results: 
an ae t > (y—Y) > (x—X) >(y-—Y)? = (y¥—Y) (x—X) = (x—X)? 

Heat ae me N N N N N 
A —2.288 62.5 0 0 +0.238422 —27.9450 +3418.75 
B —2.210 67.5 —0.0005 0 +0.050635 —12.62625 +3181.25 
C —2.130 53.8 0 —0.05 +0.0043085 — 2.9800 +2117.19 
D —2.337 55.0 —0.0002 0 +0.056372 —11.15625 +2275.00 
E —2.189 52.5 —0.0002 0 +0.089296 —11.253125 +1968.75 
F —2.166 53.8 —0.0004 —0.04 +0.010130 — 4.62935 +2117.19 
G —2.382 58.8 0 —0.04 +0.173408 —21.9975 +2804.69 
H —1.879 425 —0.0004 0 +0.012360 — 3.56944 +1178.25 

Correlation Coefficient (r) and Regression Equations: 
3 (¥ — ¥) (x—X) 
Ri egees xv" ]" 3(x—x)" | o 
Xx = > =| —_—_—— . es —Y)= —X 

Heat Oy Ox oy | N | Ox | N | Reg Eq (¥ ) a (x ) 
A —0.978 0.4883 58.5 Log [%P] = —0.00816t — 1.778 
B —0.995 0.225 56.4 Log [%P] = —0.00397t — 1.942 
C —0.995 0.0651 46.0 Log [%P] = —0.00141t — 2.054 
D —0.985 0.2374 47.7 Log [%P] = —0.00490t — 2.067 
E —0.848 0.2988 44.4 Log [%P] = —0.0057 1t — 1.889 
F —0.999 0.1007 46.0 Log [%P] = —0.00218t — 2.049 
G —0.998 0.4164 53.0 Log [%P] = —0.00785t — 1.920 
H —0.993 0.1112 34.4 Log [%P] = —0.00302t — 1.723 














Linear Regression Analysis of Data Showing 


719 


Linear Regression Analysis of Data Showing 





35) Relationship Between Average Dephosphorizing Relationship Between an Average Slag Parameter 
Powers Existing During Oxidizing Periods of Several Existing During Oxidizing Periods of Several 
Besic-Electric Steel Heats and Computed Basic-Electric Steel Heats and Computed 
Logarithmic Rates of Dephosphorization Logarithmic Rates of Depkosphorization 

De- dL P . ‘ : 

The Y- aheg tnt! = Logarithmic Rate of Dephosphori- Y= cmee lint! = Logarithmic Rate of Dephosphori- 

16 zation (see Table 2) zation (see Tabie 2) 

P Aer 0.69 

rail X = *; = Average Dephosphorizing Power (see X= | &% C20) Fe FeO) = Average Slag Parameter 

ig,” oO 2. 

aa Table 2) (see Table 2) 

135 Summation Results: Summation Results: 

a 1. y= 2* = 0.00465 1. y=2* = _0,00465 

iley N N 

ical 2. x=2*- 020.7 9. x= 2% — 14.35 

LT. N N 

tric g, 2(¥—¥) _ 9 3g, 2(¥—¥) _ 9 

our- N N 

. 

sul- x(x—X) _ x (x—X) _ 

= 4, =="! = —0.04 4, 22° —*) — +.0.0025 


em- 


—_ - a ‘ 
5. 2 —*)" — +.0.000005433 5. 20°— 5)" — +0.000005438 


g. 2X —¥) X—*® _ _ 9 062835625 








6. 2 2 (X—%) _ 9.9166945 





























N 
— x)? i 
7, 2%— 3)" &- X)* — +80.15125 7 22== : X)* = +19.585225 
Correlation Coefficient —(r): Correlation Coefficient — (r): 
> (y — Y) (x—X) = (Y — Y) (x—X) 
r= - = —0.800 where: oy = 0.002331 r= : — —0.609 where: oy = 0.002331 
e% - Gx and o, = 8.953 Se and o, = 4.425 
. ; ee) 
Regression Equation: (yY —¥) = 72 (x — x) Regrepen Exam: (ie ~%)s ox e=5 
Ox 
a dLog[%P] _ 
omen REI = —0.000208 4 ~0.00035 _ ensins 
— (% CaO) (% eo" 
—0.000321 - —0.00004 
| (% SiO.) 
Linear Regression Analyses of Basic-Electric 
Steelmaking Data Showing Influence of Elapsed 
After Shape-Up of Reducing Slag on Steel’s Sulfur 
Content 
a Y = Log [%S] = Log [Per cent Sulfur in the Steel]. 
(see Table 3) 
X = t= Time Elapsed after the Shape up of the Re- 
a ducing Slag in Min. (see Table 3) 
Summation Results: 
_3Y¥ x= 2% =(yY—Y¥) =(x—X) s(y—Y)? =(y¥—¥) (x—X) =(x—X)? 
¥ Heat a is N N N N N 
2 A —1.674 29.2 —0.0002 0 +0.007313 —1.96256 +618.56 
} B —1.603 39.7 +0.0002 —0.013 +0.005806 —1.803283 +748.22 
] C —1.821 30.2 0 0 +0.002345 —1.0330 +462.16 
) D —2.048 44.1 —0.0003 +0.043 +0.019936 —4.5741 +1078.70 
) E —1.832 45.0 +0.0003 0 +0.002976 —1.4400 +900.00 
) F —1.923 49.0 +0.0004 —0.125 +0.004911 —2.027625 +1132.625 
} G —1.986 56.0 —0.0004 0 + 0.04893243 —7.59586 +1196.86 





| 
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Correlation Coefficient (r) and Regression Equations: 





3 (y¥ — ¥) (x —x) 














~ 
r= 3(y — Y)? % 3(x — xX)? % r- 

ane e x 6 «=| ( : | «=| ( : ) Reg. Eq.: (v—¥) = =*(x—x 
A —0.923 0.0855 24.87 Log [%S] = —0.00317t — 1.58} 
B —0.865 0.0762 27.35 Log [%S] = —0.00241t — 1.507 
C —0.993 0.0484 21.50 Log [%S] = —0.00224t — 1.753 
D —0.986 0.1412 32.84 Log [%S] = —0.00424t — 1.861 
E —0.879 0.0546 30.00 Log [%S] = —0.00160t — 1.760 
F —0.859 0.0701 33.66 Log [%S] = —0.00179t — 1.835 
G —0.992 0.2212 34.60 Log [%S] = —0.00634t — 1.631 





Linear Regression Analysis of Data Showing 
Relationship Between Average Desulfurizing Powers 
Existing During Reducing Periods of Several . 
Basic-Electric Steel Heats and Computed 
Logarithmic Rates of Desulfurization 


d Log [%S] 
dt 
tion (see Table 4) 


Y= = Logarithmic Rate of Desulfuriza- 


X -2 = Average Desulfurizing Power (see Table 4) 
Summation Results: 


1. y= 2* = _0.00311 
N 


9 ga 2*~ 11.37 

N 
3. ae-* — +0,000003 
4, ae = +0.003 


5. se ~ +40,000002426114 


6, == u (X—%) _ 9995956314 





7. LL ee ~ 415.7412285 


Correlation Coefficient — (r): 


3 (¥ —¥) (K—X) 











r= “ = —0.964 where: o, = 0.001558 
x 
om and ox = 3.967 
Regression Equation: (y — ¥) = 2 (x —X) 
Ox 


d Log [%S] _ 


= (S) 
0.000379 | FS] | +9-00120 


Linear Regression Analysis of Data Showing 
Relationship Between an Average Slag Parameter 
Existing During Reducing Periods of Several 
Basic-Electric Steel Heats and Computed 
Logarithmic Rates of Desulfurization 


Y= d Log [%S] 
dt 
tion (see Table 4) 


x = (% CaO) 
~ L(% SiO.) (% FeO) 
(see Table 4) 


= Logarithmic Rate of Desulfuriza- 





0.48 
] = Average Slag Parameter 


Summation Results: 
iL tt. aa — —0.00258 


9 y—2=*~ 9.949 
N 





3. cL fet = 0.000005 

4, 2(X—%) _ 9 o002 
N 

5. ac) — +0,00000080545 

6, 2% = ” (X=) _ 9 .9901373267 
__ y\2 

7. he = 0.03657983 


Correlation Coefficient — (r): 
= (¥ — ¥) (X—X) 
r= a = —0.800 where: o, = 0.000898 
: and o, = 0.1913 


Oy ox 








Regression Equation: (vy —¥) = “2 (x —X) 
Ox 


d Log [%S] a 
dt ¥ 
—0.00376 | (% CaO) 


(% SiO) (% FeO) 





0.48 
] +0.00099 
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COPPER-BASE CASTING ALLOYS 


Section thickness, gas content and 
directional solidification effect 


on mechanical properties 


by D. A. Whittaker and J. O. Edwards 


ABSTRACT 


To assess the effect of increasing section thickness 
on the mechanical properties of 8 copper-base alloys a 
tapered wedge bar was designed, and test bars cut from 
this to represent sections up to 4 in. thick were com- 
pared with standard separately cast test bars. As it 
was thought that gas content and degree of directional 
solidification might affect the results melts of high and 
low gas contents were used, and the wedge bar was 
gated and risered to promote or to discourage direction- 
al solidification. 

In the case of the 5 gun metals tested, it was shown 
that, in general, ultimate tensile strength and elonga- 
tion fell off steadily with increasing section thickness or 
increasing gas content, but yield strength values de- 
creased less rapidly. The effect of directional solidifica- 
tion depended onthe gas content, the section thickness 
and the alloy composition. Under ideal conditions, 1 A 
alloy (88-10-2) possessed the highest mechanical prop- 
erties, but under conditions such as may be experienced 


in the walls of commercial castings, some of the leaded 
gun metals had equivalent mechanical properties. 

The mechanical properties of the high-shrinkage 
alloys — manganese bronze, aluminum bronze and sili- 
con bronze— were much less affected by increasing 
section thickness, and the manganese bronze was rela- 
tively resistant to gas pickup. 

Of the separately cast test bars used, it appeared 
that in the alloys tested the keel block was best able 
to differentiate between melts of high and low metal 
quality. 

The wedge bar gives a method of comparing the re- 
sponse of different alloys to the effects of increasing 
section thickness, etc., but does not indicate such im- 
portant foundry characteristics as hot tearing or pressure 
tightness. It is considered that the wedge bar indicates 
the maximum mechanical properties which can reason- 
ably be expected of an industrial casting of equivalent 
section. 





INTRODUCTION 


This investigation was started as part of a long 
term project to obtain more information on the 
foundry characteristics of copper-base alloys used by 
the Royal Canadian Navy. Difficulties had been ex- 
perienced in producing heavy pressure tight castings 
to meet naval requirements, and there was some 
controversy over the effect of section thickness, prop- 
erties of castings versus properties of separately cast 
test bars, the effect of lead on pressure tightness and 
mechanical properties, etc. 

It was considered desirable, therefore, to investigate 
the effects of section thickness, gas content and di- 
rectional solidification on the mechanical properties 
of 8 copper-base alloys, and, at the same time, to 
examine pressure tightness, weldability, hot tearing 
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and/or hot cracking characteristics, macrostructure 
and microstructure. Preliminary trials! indicated that 
such a program would have to be split into at least 
two parts, and, accordingly, it was decided to pro- 
ceed first with the section reported herein. 


ALLOY SELECTION 

In general it was decided to select alloys in com- 
mon use, and these are listed below. The British 
Non-Ferrous Metals Research Association type alloys 
(C and D) were included because of recent claims 
for the superiority of this type of material,?-3 and the 
1A + Pb alloy (B) was used since lead additions are 
frequently recommended for increased pressure tight- 
ness. 


Low-Shrinkage Alloys 

A) 88 Cu-10 Sn-2 Zn (AS.T.M. B 143-52, Alloy 
1A, tin bronze). 

B) 86 Cu - 10 Sn - 2 Pb - 2 Zn (Alloy 1A + Pb, leaded 
tin bronze). 

C) 87.5 Cu -7.5 Sn- 3 Pb- 2 Zn (B.N.F. alloy). 











«© 
(NOT USED WITH COPPER ALLOYS) 
a . 












































Fig. 1— Dow test bar pattern. 


D) 88 Cu-5 Sn - 3 Pb- 2 Zn- 2 Ni (B.N.F. + Ni alloy). 
E) 85 Cu-5 Sn-5 Pb-5 Zn (AS.T.M. B 145-52, 
Alloy 4A, leaded red brass). 


High-Shrinkage Alloys 

F) 58 Cu - 38.5 Zn - 1.25 Fe - 1.25 Al- 1 Mn (A.S.T.M. 
B 147-52, Alloy 8A, high strength yellow brass 
or manganese bronze). 

G) 89 Cu - 10 Al - 1 Fe (A.S.T.M. B 148-52, Alloy 9B, 
aluminum bronze). 

H) 90 Cu - 5 Zn - 3 Si - 2 Fe (A.S.T.M. B 198-58, Alloy 
12A, silicon bronze). 


TEST BAR DESIGN 


When determining mechanical properties, it is gen- 
erally appreciated that a separately cast test bar 
measures the quality of the melt from which it is 
poured, but gives no assurance that any section of a 
given casting poured from the same melt will have 
the same properties.4-5.6 This is acknowledged by 
the light alloy industry in that lower properties may 
be specified for test pieces cut from castings,7-§ or, 
there is provision for agreement between the con- 
sumer and the producer on the properties to be at- 
tained in specified parts of the casting. 

This accord has been reached through the exten- 
sive use of light alloy castings in highly stressed com- 
ponents, and through widespread testing programs, 
which have compared the properties of separately 
cast test bars and test coupons machined from pro- 
duction castings. 

In the case of copper-base alloys, however, there 
are few publications on this subject, perhaps the 
most authoritative being that of the British Associa- 
tion of Bronze and Brass Founders,* which compares 
the properties of separately cast test bars and cou- 


pons cut from 25 production castings in 5 coppe: 
base alloys. Subsequent work along these lines has 
used tapered or stepped wedge bars,*-9-12 test coupons 
being machined from areas of different cross-section 
to simulate test pieces cut from the walls of castings 
of corresponding cross-sections. This technique was 
adopted for the present investigation. 


Separately Cast Test Bar Designs 


Mechanical properties obtained from specimens 
made to three separately cast test bar designs were 
used to assess melt quality. It was considered neces- 
sary to use more than one separately cast test bar 
design since such bars are generally specified for 
either high or low shrinkage alloys. Furthermore, 
previous investigations have shown that results differ 
with each design, even within the same alloy 
class. 5.6.13,14 

The Dow bar, shown in Fig. 1, is commonly used 
in the North American magnesium industry (U.S. 
Federal Specification QQ-M-56a, Sept. 3, 1957, Fig. 
la). Although not generally used with copper-base 
alloys, it has been found jn previous work at the 
Mines Branch that the design yields satisfactory re- 
sults with alloys not subject to dross inclusions.15 
The double vertical full-web Webbert bar, shown in 
Fig. 2, is recommended by A.S.T.M. specification 
B208-54 for low shrinkage alloys. 

The double keel block bar, shown in Fig. 3, is 
recommended by the same specification for high 
shrinkage alloys. In the present investigation, both 
the Webbert and keel block bars were gated into the 
riser for the low shrinkage alloys, but were gated into 
the test bar proper (to minimize dross inclusions) for 
the high shrinkage manganese bronze, aluminum 
bronze and silicon bronze alloys. 


Design of Wedge Test Casting to 
Assess Effect of Section Thickness 

In order to simulate the solidification conditions 
occurring in a casting with varying wall thickness, 
a wedge of the dimensions shown in Fig. 4a was 
designed. In this casting, the maximum diameter of 
the inscribed circle at any given location was taken 
as the section thickness at that point, and 7 A.S.T.M. 
standard tensile test bars were cut from section thick- 





Fig. 2 — Double vertical full web Webbert bar. 
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(a) Bottom Gating 


Fig. 3— Double keel block test bar. Note — 
where this type of test bar design is used, bottom 
gating is recommended for alloys such as alumi- 
num bronze where turbulence and oxidation are 
factors. 








(6) Top Gating 


TAPERED CASTING USED TO RELATE 
SECTION THICKNESS AND MECHANICAL 
PROPERTIES FOR COPPER-BASE ALLOYS 


NUMBERED CIRCLES WV SIDE VIEW 
SHOW LOCATION AND EFFECTIVE 
SECTION THICKNESS OF TEST BARS 








te & 
= i 





Fig. 4a — Dimensions of wedge bar casting. 
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Fig. 4b— Wedge bar castings directionally solidified 
(right) and nondirectionally solidified (left). 


nesses of 4, 3%, 1, 14, 2, 3 and 4 in., respectively. 

In practical foundry work it is not possible to 
adequately control the solidification and freezing of 
all sections of a casting, and therefore the wedge 
bars were poured in two ways. Sound castings were 
poured by gating through the riser (placing the hot- 
test metal as near to the riser as possible) and an 
exothermic sleeve and cover was used on the riser 
top. This treatment ensured that optimum thermal 
gradients were set up to promote efficient directional 
solidification. 

An unsound wedge casting was also poured in 
each melt by gating through the end opposite to the 
riser, and by omitting the use of exothermic sleeves 
and riser covers. This treatment resulted in mini- 
mum directional solidification and feeding, such as 
may be found in some parts of a complicated casting. 
The gating systems are shown in Fig. 4b. 

For comparison of test results it would have been 
preferable to use the wedge bar designed by Hudson 
et al,3 but the great weight of this bar precluded its 
use in the present experiments. The present design 
has a similar taper to Hudson’s bar but as it is 
considerably shorter the riser should be more effec- 
tive, at least with those bars gated to promote di- 
rectional solidification. In the case of bars gated at 
the thin end to minimize directional solidification, 
the results should be closer to those of Reich- 
enecker.®.10 


MELT PREPARATION 


All alloys were prepared as 250 Ib melts in a No. 
100 crucible, heated in a lift-coil induction furnace 
at a frequency of 960 cps. This relatively low fre- 
quency results in considerable turbulence of the 
bath. To minimize this, silicon carbide crucibles 
which act as susceptors were used for the melts of 
manganese bronze, aluminum bronze and _ silicon 
bronze. All other alloys were melted in standard clay 
graphite crucibles. Charges were made up from pre- 
alloyed ingot and recirculated scrap. 

It was thought that the gas content of the metal 
might influence the sensitivity of the individual 
alloys to the effect of section thickness, directional so- 


lidification, etc.16 Therefore, melts of relatively high 
and of low gas contents were prepared for each com:- 
position. However, as there is no rapid method of 
measuring the gas content of copper alloys prior to 
pouring,!? it proved difficult to control the gassing 
treatment. 

Degassed melts of alloys in the low shrinkage 
group were melted without cover (i.e., melted under 
oxidizing conditions), deoxidized with phosphor 
copper shot (13 per cent P) and gas flushed with 
dry nitrogen through a drilled graphite plug at the 
rate of 5 litres/min for 10 min. During this period 
a lid was placed on the crucible to avoid splashing, 
and a low current was maintained to keep the metal 
at the desired pouring temperature. 

After gas flushing, a final addition of phosphor 
copper shot was made to give a residual phosphorus 
content of about 0.02 per cent to adjust the com- 
positions, additions of zinc, tin and lead were made 
together with the phosphor copper. 

In the case of the high shrinkage alloys, manganese 
bronze was melted under a granular graphite cover 
to minimize zinc loss, but no cover was used for the 
aluminum bronze and silicon bronze melts. To pro- 
duce degassed metal, manganese bronze was treated 
with nitrogen at 5 litres/min for 10 min, the silicon 
bronze at 71% litres/min for 10 min and the alumi- 
num bronze at 714 litres/min for 25 min. These alloys 
were poured without deoxidation. 

Gassy melts of the low shrinkage alloys and the 
manganese bronze alloy were prepared by insertion 
of a freshly cut green pole into the melt for a period 
of 4 min immediately prior to pouring, in order to 
effect hydrogen absorption. Phosphor copper and 
other necessary alloy additions were made to the 
melts after poling. Gassy melts of silicon bronze were 
prepared by simply melting and omitting the nitrogen 
treatment. 

Aluminum bronze was so gassy under the melting 
conditions employed that it was necessary to treat the 
melt with nitrogen at 71% litres/min for 10 min, to 
obtain metal which could be cast into wedge bars 
without producing excessive gross porosity. No phos- 
phor copper deoxidizer was added to the manganese, 
aluminum or silicon bronzes. 


EXPERIMENTAL DESIGN AND 
CASTING CONDITIONS 


It was decided to carry out all tests in duplicate, 
so that there were four melts for each composition, 
two gassy and two degassed. Each was poured into 
the Dow (4), vertical web Webbert (2), keel block 
(2), sound wedge bar (7) and unsound wedge bar 
(7) molds in that order (the numbers in parentheses 
are the number of test coupons from each casting). 

Although it is known that each casting design 
may yield optimum properties for a given alloy at 
a specific pouring temperature and pouring speed,® 
pouring temperatures were standardized in these ex- 
periments to represent those used for castings of 
medium wall thickness. The initial casting tempera- 
tures for the various alloys are given in Table |. 
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1A ALLOY 
88Cu/ 10 Sn/ 2Zn 
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Fig. 5— Mechanical properties of 1A alloy. 
RESULTS 
Chemical Analysis 


One of the factors affecting the mechanical prop- 


erties is the metal composition and care was there- 
fore taken to ensure that compositions fell within 
the limits specified for the various alloys. The in- 
dividual and mean analyses of all alloys are given 
in Table 1. 
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1A + Pb ALLOY 
86 Cu/ 10 Sh/ 2Pb/2Zn 
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Fig. 6 — Mechanical properties of 1A + Pb alloy. 








Graphical Presentation of Results 

The mechanical properties, graphically shown in 
Figs. 5 to 12, are given in Table 2. As mentioned 
earlier, there was some difficulty in obtaining uni- 
form gas contents, and it was decided that, in gen- 
eral, the highest properties obtained for the degassed 
alloys would be plotted, while for the gassy melts 
the lowest properties obtained would be used. Thus, 
the graphs form the limits of a scatter band between 
which fell all results from the wedge bars. The graphs 
also show the effects of directional and nondirectional 
solidification, and the results obtained from separate- 
ly cast test bars have been charted at the appropriate 
casting section thickness (Dow 14-in., Webbert 5,-in. 
and keel one in.). 

On each graph, the horizontal lines represent the 
minimum requirements of the appropriate A.S.T.M. 
specification for separately cast test bars. In the case 
of the B.N.F. and B.N.F. + Ni alloys, A.S.T.M. - B143- 
52, Alloy 2A (88 Cu-6 Sn-1.5 Pb-4.5 Zn) was used 
as the closest equivalent specification. 


Mechanical Properties of the 
Low Shrinkage Alloy Group 


1A Alloy (88 Cu - 10 Sn - 2 Zn). It is apparent from 
Fig. 5 that ultimate tensile strength (UTS), and to a 
lesser extent elongation values, decreased markedly 
with increasing section thickness. However, the re- 
duction of yield strength was less marked, and it 
should be noted that designers normally base the 
allowable service stress on the yield strength rather 
than on the ultimate tensile strength. 

It will be seen that for degassed melts, nondirec- 
tional solidification has a marked detrimental effect 
on the UTS and to some extent on the elongation 
values as the section thickness was increased. 

With the gassy melts, in general properties fell off 
more rapidly as section thickness increased, although 
in thick sections, the curves for UTS remained 
parallél to those for the degassed melts, while those 
for elongation tended to converge as the section 
thickness increased to 4 in. Directional solidification 
had little influence on the mechanical properties of 
the gassy melts. 

1A + Pb Alloy (88 Cu-- 10 Sn - 2 Pb - 2 Zn). Com- 
parison of Figs. 5 and .6 shows that for degassed, 
directionally solidified metal, the addition of 2 per 
cent Pb caused a considerable reduction in UTS and 
elongation was increasing section thickness. How- 
ever, in the case of the degassed alloys cast without 
directional solidification, there was relatively little 
difference in properties between the 1A and the 1A 
+ Pb alloys as the section thickness increased. 

This suggests that, in commercial castings, the use 
of 1A alloy would give highest mechanical properties 
if directional solidification was feasible, but in re- 
gions of the casting which cannot be directionally 
solidified equivalent strength could be obtained from 
1A + Pb alloy. 

In the case of the gassy alloys, the test bars cut 
from sections greater than 114-in. were so porous 
that they could not be tested. Corresponding results 
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BNF ALLOY 


875 Cu/ 7-5 Sn/ 3 Pb/2 Zn 
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Fig. 7 — Mechanical properties of B.N.F. alloy. 
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BNF + Ni ALLOY 


88 Cu/5 Sn/3Pb /2 Zn/ 2 Ni 
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SECTION THICKNESS (in.) 


Fig. 8 — Mechanical properties of B.N.F. + Ni alloy. 





TABLE 3— DENSITY VALUES AND CALCULATED PER CENT VOIDS 
FOR DEGASSED AND GASSY 1A AND 1A + Pb ALLOY 


from the separately cast test bars were also low. This 
indicated that the gassing treatment had been tco 
severe, and to check this density measurements were 
taken from the grip ends of all sound wedge test 
bars from both the 1A and 1A + Pb alloys. 

The results are given in Table 3, with the per 
cent voids, calculated from the assumption that the 
Y4-in. section in degassed metal was completely sound. 
These figures confirm that in all sections the porosity 
was greater with the gassy 1A + Pb than with the 
gassy 1A alloy. The increase in porosity with increas- 
ing section thickness is also evident as is the lower 
porosity of the degassed melts. 

B.N.F. Alloy (87.5 Cu - 7.5 Sn - 3 Pb - 2 Zn). The 
mechanical properties of this alloy, as shown in Fig. 
7, were grouped in a relatively narrow range. In 
general, UTS, yield strength and elongation values 
decreased with increasing section thickness in much 
the same manner as with the 1A or 1A + Pb alloys. 
As noted previously, the minimum specification line 
drawn in Fig. 7 is that for A.S.T.M. B 143-52, Alloy 
2A (88 Cu-6 Sn-1.5 Pb-4.5 Zn) and this also ap- 
plies to the corresponding line for the B.N.F. + Ni 
alloy in Fig. 8. 

B.N.F. + Ni Alloy (88 Cu - 5 Sn - 3 Pb - 2 Zn - 2 Ni). 
As shown in Fig. 8, the properties for the gassy 
B.N.F. + Ni alloy decreased with increasing section 
thickness in much the same manner as for the pre- 
ceeding materials. The degassed metal however ap- 
peared to retain its properties remarkably well as the 
section thickness increased. In sections greater than 
1 in. properties higher than, or equal to, the 1A alloy 
were obtained, and the alloy appeared to be insensi- 
tive to directional solidification effects. 


4A Alloy (85 Cu - 5 Sn - 5 Pb - 5 Zn). In the case of 
the 4A alloy, the curves of Fig. 9 were characterized 
by the relatively rapid drop in UTS and elongation 
with increasing section thickness up to 114-in. for 
the gassy alloy, and by the marked inversion of the 
directional and nondirectional solidification proper- 
ties for the degassed alloy. 


Mechanical Properties of the High 
Shrinkage Alloy Group . 

8A Alloy (58 Cu - 38.5 Zn - 1.25 Fe - 1.25 Al - 1 Mn). 
Mechanical properties, of the 8A manganese bronze 
alloy plotted against section thickness, are shown in 
Fig. 10, and it is apparent that section thickness is of 
negligible influence. 
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1A Alloy 1A + 2% Pb Alloy 
Good Melt Quality (Degassed) Poor Melt Quality (Gassy) | Good Melt Quality (Degassed) Poor Melt Quality (Gassy) 
Density g/cem3 Percent Voids Density g/cm3 Percent Voids Density g/cm’ Percent Voids Density g/cm3 Per cent Voids 
8.820 0.0 8.800 0.2 8.819 0.0 8.546 3.1 
8.814 0.2 8.640 2.0 8.737 0.9 8.258 6.4 
8.778 0.5 8.546 3.1 8.674 1.7 8.219 6.8 
8.746 0.8 8.472 4.0 8.630 2.2 8.266 6.3 
8.709 1.3 8.217 6.8 8.593 2.6 8.082 8.4 
8.660 1.8 8.244 65 8.534 3.2 8.107 8.1 
8.614 2.3 8.273 62 8.540 3.2 8.067 8.5 










































Fig. 9 — Mechanical properties of 4A alloy. 


Many of the Dow and Webbert bars were found 
to contain dross inclusions, which would account 
for the relatively low properties of these bars when 
compared to the keel blocks. Similarly, the thin sec- 
tions of the degassed, directionally solidified alloy 
often contained dross inclusions. 

In view of the relatively narrow spread in proper- 
ties between the gassy and degassed melts in both the 
separately cast test bars and the wedge blocks, it 
was suspected that there might be only small differ- 
ences in gas content between the various melts. Sub- 
sequent density measurements proved this to be the 
case and this indicates that the poling treatment 
caused little or no gas to be absorbed by the 8A alloy. 

9B Alloy (89 Cu - 10 Al - 1 Fe). From the low elonga- 
tion values, shown in Fig. 11, it is apparent that all 
melts were of inferior quality, probably due to the 
method of melting. Dross inclusions were apparent 
in many of the fractures, and there may also have 
been fine dross particles distributed throughout the 
metal. This made it impossible to separate low 
properties due to inclusions from low properties due 
to gas content, and for this reason only the properties 
obtained from degassed melts were plotted to indicate 
trends rather than absolute values. 

The UTS values showed an initial drop with in- 
creasing section thickness, but at the 4 in. section 
the values were again equivalent to those of the thin 
sections. This recovery of properties is probably con- 
nected with such factors as gas content, thermal 
gradient, cooling rate and oxide inclusions in the 
area below the riser. In other respects, the mechani- 
cal properties appeared to be relatively insensitive 
to changes in section thickness. 

12A Alloy (90 Cu - 5 Zn - 3 Si - 2 Fe). Similar diffi- 
culties due to melt preparation were experienced 
with the silicon bronze, and separately cast Webbert 


Fig. 10 — Mechanical properties of 8A alloy. 
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and keel block bars failed to meet the specifications, 
as shown in Fig. 12. Only the results of the de- 
gassed melts are plotted to indicate trends, and it 
is shown that yield strength and elongation were 
relatively insensitive to increases in section thickness, 
but there was some drop in UTS. 


DISCUSSION 


In view of the fact that the results reported were 
obtained primarily from the wedge bar test piece, 
it is desirable to review the performance of this bar 
with the various alloys under different environments. 














3 t ’ t _ T T T 

5 8A ALLOY 

E. 575 Cu/40Zn/ iFe/1Al/ O5Mn 

@ sof ; 
Fs 

S°> pels ; 
Pm -° 7 
2 

3 6Or 4 


$ 
T 


§ 





; 





; 
\ 
\ 

| 

| 
| 














ELONGATION (%) YIELD STRENGTH (kpsi) 
8 
i 





2 
ne 
we 
od 


SECTION THICKNESS (in.) 








73 


So 





9B ALLOY 
88 Cu /1'5 Fe / 105 Al 





ULTIMATE TENSILE STRENGTH (psi) 
8 
T 








YIELD STRENGTH (kpsi) 
. 
| 
it | 
| 
|! 
|] 
aL 
| 
| | 
| 
| 
l 
\ 























10+ 
: 7 1 
- 
: . ~~ 
3 C6 ° ener. 
© eo aa EE 1 ni 1 1 
° % ' th 2 3 4 


SECTION THICKNESS (in) 


Fig. 12 — Mechanical properties of 12A alloy. 


From the graphs presented it is apparent that the bar 
fulfilled its function of measuring the change of prop- 
erties with increasing section thickness and that it 
was also sensitive to variations in gas content. 

In measuring the effects of directional solidifica- 
tion, the properties of bars deliberately cast to pro- 
mote directional solidification were at times lower 
than those cast without this benefit. This suggests 
that the particular alloys involved were not sensitive 
to thermal gradient effects, or that the thermal 
gradients of the directionally and nondirectionally 
solidified bars were too similar to indicate such effects. 

It will be appreciated that the function of the 
wedge bar test casting is to assess the ability of one al- 
loy to produce better mechanical properties than an- 
other for any given environment whether this be fa- 
vorable (low gas content, maximum directional so- 
lidification) or unfavorable (moderate gas content, 
minimum directional solidification). 

It should be emphasized that although the wedge 
bar indicates the change in mechanical properties 
with increase in section thickness, and perhaps re- 
flects the properties to be expected in thick castings 
better than separately cast test bars, it cannot accu- 


Fig. 11— Mechanical properties of 9B alloy. 
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rately predict the properties in any given section of a 
production casting. This is because the cooling rate, 
thermal gradient, oxide inclusion content, etc., of pro- 
duction castings is not constant, but depends on such 
factors as the mass of the casting, the section thick- 
ness of adjacent parts, design of pouring and feeding 
systems, mold material, etc. 

In addition, the wedge bar does not assess such 
important foundry characteristics as pressure tight- 
ness, and hot tearing or hot cracking susceptibility 
(which may affect weldability), and it is proposed to 
investigate these separately. 


Low Shrinkage Alloys 

The experiments conducted with the wedge bars 
show that with the low shrinkage alloys, provided 
directional solidification and gas free metal could be 
assured, highest mechanical properties were obtained 
in all sections with 1A alloy (88 Cu - 10 Sn - 2 Zn). Such 
conditions cannot usually be obtained in all parts of 
a commercial casting, and the degassed B.N.F. + Ni 
alloy cast with or without the aid of directional so- 
lidification had properties equivalent to the best 1A 
alloy in all but the thinnest sections. 








Thus, in the degassed condition, B.N.F. + Ni alloy 
appears to have high properties, and to be relatively 
insensitive to changes in section thickness or mode of 
solidification. These of course are desirable foundry 
characteristics, and it would also appear that the al- 
loy could be readily made from secondary materials. 

The properties obtained from gassy low shrinkage 
alloys are inherently unreliable as there can be no as- 
surance that all the gassy melts contained the same 
amount of gas. However, it would appear that all the 
alloys in the gassy condition had about the same low 
properties at corresponding section thicknesses. 

It should be noted that good commercial melting 
practice should result in metal qualities close to those 
for the degassed alloys. Thus, if comparisons are to 
be made between properties of the wedge bars and 
industrial castings, it would be advisable to use the 
values obtained for degassed metal. 


High Shrinkage Alloys 

In the high shrinkage alloy group, the curves for 
manganese bronze and aluminum bronze were found 
to be essentially flat, indicating that these materials 
suffered no loss in mechanical properties with in- 
crease in section thickness up to 4 in. The silicon 
bronze, however, did show some reduction in UTS 
with increasing section thickness. 

Because of their short freezing ranges, these alloys 
are relatively insensitive to directional solidification 
effects, and the 8A alloy appears to be substantially 
free from gas absorption. In view of the above, it is 
considered that these alloys merit wider use in the 
foundry, although it is appreciated that more com- 
plicated gating and pouring systems are necessary to 
avoid dross inclusions. 

The behavior of the different separately cast test 
bar designs is worthy of comment. The keel blocks 
showed the highest divergence of mechanical proper- 
ties between gassy and degassed melts in all alloys. 
This suggests that the keel block would perform the 
prime function of a test bar (differentiation between 
melts of high quality and melts of low quality) bet- 
ter than either of the other two designs used in the 
program. 

It may also be noted that the properties of the keel 
blocks were in close agreement with those of the 1 
in. sections of the wedge bars, and thus may be rea- 
sonably representative of properties to be expected in 
simple castings of good foundry design and equiva- 
lent section thickness. The web Webbert bars showed 
reasonably good distinction between the gassy and de- 
gassed melts, and in general gave mechanical prop- 
erties between the Dow and the keel block values. 
The Webbert bars were characterized by the high in- 
cidence of failures outside the gage length as has 
been noted by other investigators. 6-13 

The Dow bars showed themselves to be unsuitable 
for the high dross alloys, because of dross entrap- 
ment on the cope side of the gage length, but it is 
possible that this could be eliminated by modification 
of the sprue and gating system. Apart from low 


elongations with the 1A and 1A + Pb alloy, the Dow 
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bars generally gave the highest properties of the three 
separately cast test bars. 

It was noted that the differences in properties be- 
tween gassy and degassed melts were smallest with 
the Dow bar, which would make it unsuitable for 
routine use as a test bar for copper alloys, although 
it does have some merit for research. 


Gas Porosity 

Some observations of interest to the foundryman 
on the formation and occurrence of gas porosity can 
be made from the experiments. Despite the poling 
treatment, some of the gassy melts of the low shrink- 
age alloys had properties and densities equivalent to 
those of corresponding degassed melts. To account 
for this, it is considered that any porosity present 
was entirely due to hydrogen (because these alloys 
contained 0.02 per cent P), and that hydrogen must 
diffuse rapidly in these alloys in the liquid state. 

It is possible that more consistent gassy melts could 
be obtained by deliberately omitting the deoxidation 
after poling so that the steam reaction would take 
place as the alloys solidified. 

For the high shrinkage aluminum bronze and sili- 
con bronze, the following factors are thought to be 
responsible for the excessive gas absorption. Both 
aluminum and silicon have strong affinities for oxy- 
gen, so that in the presence of water vapor, melts 
of aluminum bronze and silicon bronze will both 
liberate hydrogen. This is shown diagramatically in 
Fig. 13, where the standard free energies of different 
oxidation reactions are plotted against temperature.17 
In general, at any given temperature a metal with 
a higher (negative) standard free energy of oxida- 
tion will oxidize in preference to a metal with a 
lower free energy of oxidation. Thus the reaction 
2Al+3H,O~—Al, O, + 3H, takes place readily, and 
the hydrogen liberated is dissolved in the melt. 

In a fuel-fired crucible furnace, a skin of alumina 
forms rapidly on the surface of the liquid metal as 
a result of the above reaction. Not only does this 
inhibit further reaction, but the film is relatively 
impervious to hydrogen so that no further absorption 
takes place. The same reasoning applies to silicon 
bronze. With induction melting, however, the oxide 
films are constantly broken up so that the reaction 
can continue. When the power is cut off, the oxide 
film quickly re-forms on the surface, and as it is im- 
pervious it now prevents any dissolved hydrogen 
from diffusing out into the atmosphere. 

Figure 13 also shows that while a granulated car- 
bon cover may form a mechanical barrier to reduce 
oxidation of such melts, it is not effective chemically 
because any carbon monoxide formed would react 
with the aluminum or silicon. 

The low gas content of the 8A manganese bronze 
was presumably due to the high vapor pressure of 
zinc at the pouring temperature, which reduced the 
hydrogen content in accordance with Sievert’s law. 


CONCLUSIONS 


Tensile tests on wedge test pieces and separately 
cast test bars have shown that the 8 alloys investigated 
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react rather differently to the effects of section thick- 
ness, gas content and directional solidification. 

With the low shrinkage alloys, which were essen- 
tially gun metals or leaded gun metals, all alloys 
showed a steady decrease in properties with increas- 
ing section thickness. The effect of dissolved gas 
exaggerated this effect at thinner sections so that a 
relatively rapid decrease in properties occurred as 
the section thickness increased from 14-in. to 2 in. 
In the degassed condition, 1A alloy (88 Cu-10 Sn- 
2 Zn) showed the highest mechanical properties pro- 
vided there was directional solidification, but B.N.F. 
+ Ni alloy (88 Cu - 5 Sn - 3 Pb - 2 Zn - 2 Ni) showed al- 
most equal properties, and maintained these high 
properties without the benefits of directional solid- 
ification. Directional solidification had little influ- 
ence on the properties of the leaded alloys under 
the conditions of the experiments. 

Although some difficulty was experienced with the 
high shrinkage alloys due to melting technique, it was 
apparent that these alloys were relatively insensitive 
to directional solidification effects or to changes in 
section thickness from 14-in. to 4 in. The manganese 
bronze 8A alloy (58 Cu - 38.5 Zn - 1.25 Fe - 1.25 Al - 
1 Mn) appeared to be particularly resistant to gas 
pickup. 

Of the separately cast test bars, it was shown that 
the keel block gave the maximum differentiation be- 
tween melts of high and low quality, and gave me- 
chanical properties which might be considered rep- 
resentative of those to be expected from medium wall 
castings of simple design. 

The wedge bar test casting measures the ability 
of one alloy to produce better mechanical properties 
than another under conditions of varying gas con- 
tent, section thickness and degree of directional solid- 
ification. It is suggested that the wedge bar establish- 


Fig. 13— The standard free energy change of oxida- 
tion for some of the elements present in copper-base 
alloys. 


es the maximum mechanical properties which can 
reasonably be expected from sections of commercia! 
castings with thicknesses up to 4 in., although there 
is no assurance that the casting will have these maxi- 
mum properties. 
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HIGH STRENGTH STEEL HOMOGENIZING 


TREATMENTS EFFECT ON STRUCTURE, 
PROPERTIES AND TRANSFORMATIONS 


ABSTRACT 


An investigation was carried out to study the effects 
of homogenizing treatments on structure, properties 
and transformation characteristics of A.1.S.I. 4340 high 
strength cast steel. Increasing homogenizing temperature 
and time (to a maximum of 16 hr at 2300 F) resulted 
in nearly complete breakdown of the dendritic pattern. 
Results of tensile and impact tests conducted on ma- 
terial heat treated to the 250,000-300,000 psi range 
indicated the probability that a linear relationship 
exists between 1) reduction in area and a time-tem- 
perature parameter, T(C + logt) (Where T = absolute 
temperature, t — time in hr and C = material constant) 
and 2) impact strength and the same parameter. 

For a series of the heat treatments employed, a com- 
parison was made between properties of specimens 
taken from well fed outside fins of the castings and 
properties of specimens taken from less homogeneous 
central sections. Time-temperature-transformation curves 
were drawn for the cast material. These curves agreed 
well with the published data for wrought metal of the 
same composition. 


INTRODUCTION 

An extensive research program has been conducted 
at Watertown Arsenal, Rodman Laboratory, over the 
last several years to develop practical techniques for 
producing low alloy steel castings with strengths the 
order of 300,000 psi, and with adequate ductility and 
impact strengths for Ordnance applications.1-2 For the 
last two years a similar program has been in progress 
at the M.I.T. Foundry Laboratory under sponsorship 
of the Dept. of Ordnance, Watertown Arsenal.3-4-5.6 
This program is more fundamental in nature, but has 
the same ultimate objectives. 

As a part of the above researches, it was necessary 
to investigate the effects of extremely high homogen- 
izing heat treatments on the structure, mechanical 
properties and transformation characteristics of low 
alloy high strength steel. Ultra high strength steel 
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castings as a rule are given a homogenizing treatment 
prior to austenitizing, usually in the temperature 
range of 2100-2250 F for about one hr/in. of section 
thickness. 1.2.7 

It has been reported 8.9.10,11,12 that homogenizing 
treatments above 2000 F have little beneficial effect 
on the properties of cast steel. However, researches 
from which these conclusions were drawn were nearly 
all conducted on steels with tensile strengths below 
200,000 psi, so the results could not be considered to 
apply directly to stronger, less ductile steels. 

This paper describes an investigation of the effects 
of homogenizing heat treatments on A.I.S.I. 4340 cast 
steel. Parameters studied were effects of homogeniza- 
tion on 1) mechanical properties in thin and heavy 
sections of test castings and 2) its effects on casting 
microstructure, retained austenite and time-tempera- 
ture-transformation curves. 


TEST CASTING AND FOUNDRY PRACTICE 


The test castings selected for this investigation were 
a modification of the octabar test casting developed 
by Wayne, Bishop and Taylor,1* Fig. 1. This design 
permits production of eight well-fed test fins from a 
single casting with minimum wasted metal. All cast- 
ings for this investigation were poured from a single 
heat of metal of composition conforming to A.LS.I. 
4340 steel. The heat was made from high quality pre- 
cast ingots, produced from metal refined in a basic 
electric arc furnace. Chemical compositions of the in- 
gots were known, and proper additions of carefully 
graded alloys were made during melting. 

The metal for the test castings was melted in an 
acid-lined induction furnace, and poured with an 
acid-lined bottom pouring ladle. The metal was de- 
oxidized in the ladle with 0.10 per cent commercially 
pure aluminum at about 3050 F. 

The chemical composition of the melt, as obtained 
on samples taken from the ladle and from the center 
of two experimental castings, is given in Table 1. 
The composition of the melt agrees well with that of 
the castings; sulfur and phosphorus were both kept 
below 0.015 per cent, and all alloying elements were 
within the desired range. 

Two castings were made in each mold or a total 
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Fig. 1 — Schematic 
drawing of casting 
utilized in investi- 
gation. 





























TABLE 1 — CHEMICAL ANALYSIS FROM LADLE 
AND CASTINGS 


Analysis, % 











Cc Mn Si S P Ni Cr Mo 
Desired 0.40 0.80 0.30 0.015 0.015 1.80 0.80 0.25 
Ladle 0.435 0.87 0.35 0.015 0.010 1.83 0.70 0.255 


Casting No. 3 0.435 0.85 0.35 0.013 0.010 1.82 0.74 0.25 
Casting No.5 0.42 0.86 0.36 0.013 0.010 1.82 0.74 0.24 





of 12 castings. The castings were bottom gated and 
well fed by a large top riser. An anti-piping compound 
was used to insulate the tops of the risers after pour- 
ing. The pouring temperature for the first casting 
was 2900 F, and that of the last casting approximately 
2800 F. The castings were cooled to room temperature 
before being shaken from the mold; gates and risers 
were then removed. 


PREPARATION AND HEAT TREATMENT 
OF TEST SPECIMENS 


Tensile and Impact Specimens 


Specimens were cut from each of the 12 castings in 
the locations shown in Fig. 2. Eight specimens were 
cut from the outer 8 fins, and four from points near 
the center of the casting. The numbering system used 
for designating these coupons is described in the 
Appendix. The specimens were sufficiently long to 
provide a tensile and Charpy bar from each (end to 
end). 

Seventy-two of the specimens used in this portion of 
the study were given a high temperature homogeniz- 
ing heat treatment in a salt bath furnace and a grain 
refining (normalizing) treatment, before hardening 





and tempering. Three different homogenizing tem. 
peratures were employed (2100, 2200 and 2300F 
Specimens from the fins were homogenized at tem- 
peratures for 1, 4, 8 and 16 hr; specimens from th« 
center of the casting were treated for 4 and 8 h: 
After the above treatments, all specimens were noi 
malized by heating to 1750 F for 2 hr and air cooling 
to room temperature. The specimens were then rough 
machined into test blanks for their respective tests. 
For comparison purposes, four specimens from the 
outside fins were normalized without homogenizing 
these specimens were otherwise processed as were 
those that were homogenized. Table 2 is a complete 
heat treating schedule, listing the specimens used for 
mechanical testing and the heat treatments received. 

In general, four specimens were given each of the 
heat treatments outlined above. Thus, enough ma- 
terial was available at each treatment for four tensile 
bars and four Charpy bars. Two of the four tensile 
bars were taken from the upper half of their respec- 
tive specimens and two from the lower, to assure that 
the selection of this location would not influence 
results. These test bars were machined to within 
0.050 in. of final dimensions, austenitized at 1525 F 
for one hr, oil quenched, tempered at 400 F for 2 hr 
and water quenched. 


Fig. 2 — Location 
of specimens from 
castings. 





The final tensile bars were standard 0.357 in. di- 
ameter threaded bars with a 1.40. in. gage length. The 
final Charpy bars were standard 0.394 in. square by 
2.156 in. long V-notched impact bars with a 0.010 in. 
radius notch. 

Tensile strength, yield strength, per cent elonga- 
tion and per cent reduction in area were obtained 
from the tensile bars; the yield strength being ob- 
tained by 0.2 per cent offset method with a recording 
extensometer. Impact tests were made at —40 F. 


TTT-Curve Specimens 

Material for TTT-curve determinations were cut 
from specimens similar to those prepared for me- 
chanical tests. Twelve specimens were cut from the 
outer fins and 12 from the center portions of the cast- 
ing (Fig. 2). These were homogenized at 2100 F and 
2300 F for 4 and 16 hr, and were then normalized 
(1750 F, 2 hr, air cool). Table 3 lists the complete 
heat treatment given each specimen. 











TABLE 2— HEAT TREATMENTS EMPLOYED 
ON SPECIMENS 








Grain 
Homogenization Refining Quenching Tempering 
Specimen Temp., F Temp., Temp., Temp., 
No. and Time, hr F F F 

1-16, 2-16 — — 1525 400 
3-16, 4-16 
1-17, 2-17 a 1750 1525 400 
3-17, 4-17 
1-1, 1-2 2100 - 1 1750 1525 400 
1-3, 1-4 
1-5, 1-6 
1-7, 1-8 2100 - 4 1750 1525 400 
1-9, 1-10 
1-11, 1-12 

1, 4-2 2100 - 8 1750 1525 400 

8, 4-4 
4-5, 4-6 
4-7, 4-8 2100 - 16 1750 1525 400 
4-9, 4-10 
4-11, 4-12 
2-1, 2-2 2100-1 1750 1525 400 
2-3, 2-4 
2-5, 2-6 
2-7, 2-8 2200 - 4 1750 1525 400 
2-9, 2-10 
2-11, 2-12 
5-1, 5-2 2200 - 8 1750 1525 400 
5-3, 5-4 
5-5, 5-6 
5-7, 5-8 2200 - 16 1750 1525 400 
5-9, 5-10 
5-11, 5-12 
3-1, 3-2 2300 - 1 1750 1525 400 
3-3, 3-4 
3-5, 3-6 
3-7, 3-8 2300 - 4 1750 1525 400 
3-9, 3-10 
3-11, 3-12 
6-1, 6-2 2300 - 8 1750 1525 400 
6-3, 6-4 
6-5, 6-6 
6-7, 6-8 2300 - 16 1750 1525 400 
6-9, 6-10 
6-11, 6-12 





TABLE 3— HEAT TREATMENTS EMPLOYED 
ON ISOTHERMAL STUDIES 








Grain 

Homogenization Refining Quenching Isothermal 

Specimen Temperature,F, Temp., Temp., Temp., 
No. and Time, hr F F F 

1-13, 1-14 
1-15, 1-21 2100 - 4 1750 1525 600, 700, 750 
1-22, 1-23 800, 850, 900 
4-13, 4-14 
4-15, 4-21 2100 - 16 1750 1525 600, 700, 750 
4-22, 4-23 800, 850, 900 
3-13, 3-14 
3-15, 3-21 2300 - 4 1750 1525 600, 700, 750 
3-22, 3-23 800, 850, 900 
6-13, 6-14 
6-15, 6-21 2300 - 16 1750 1525 600, 700, 750 
6-22, 6-23 800, 850, 900 
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Determination of the TTT-curves was conducted 
with small 14-in. diameter, 0.090 in. thick discs with 
a 4-in. hole through the center. These discs were ob- 
tained by machining the test specimens into 14-in. di- 
ameter bars which were then cut transversely into 
small discs. The specimens were then ground to the 
desired thickness. 

The small discs were all austenitized at 1525 F in a 
salt bath furnace for 10 min, and quenched into 
another salt bath furnace maintained at different 
temperatures varying from 600 F to 900 F. The discs 
were held isothermally for prescribed times and were 
then water quenched to room temperature. After they 
were polished and etched (4 per cent picral etch), 
metallographic studies were conducted to determine 
the percentages of martensite and bainite. 


STRUCTURE OF TEST CASTINGS AND 
TEST SPECIMENS 


A study was made of the macrostructures of the 
castings used for test coupons by sectioning one cast- 
ing vertically at the center and another horizontally 
at locations 2, 4, and 6 in. from the bottom (Figs. 3, 
4, 5 and 6, respectively). The slabs were macroetched 
in the as-cast condition using a solution of 12 per cent 
H,SO,, 38 per cent HCl, and 50 per cent H,O for 
20 min at 175 F. 

Figures 3-6 show that primary pipe is localized in 
the riser and does not extend into the body of the 
casting. However, some inhomogeneity (dark spots) is 
distributed throughout much of the central portion of 
the casting. This inhomogeneity is one factor leading 
to the lower mechanical properties which are usually 
obtained in metal from the center of heavy castings 
(as compared to properties from better fed, lighter 
sections). 

An extensive metallographic investigation was made 
of the microstructures of the metal in the as-cast and 
heat treated conditions. Microstructures of the heat 
treated metals were obtained from broken Charpy 
bars; specimens for microstudies on as-cast metal were 
taken from the non-heated-treated castings used for 
macrostudies. All specimens were first examined for 
inclusions and then etched with Villella’s reagent to 
determine grain size. After grain size determination, 
heat treated specimens were repolished and etched 
(with 3 per cent picral etch) for examination of 
microstructure. 

Some difference was noted from casting to casting 
in the quantity of inclusions and in the amount of 
microporosity; however, this difference was slight. No 
microporosity was evident in any of the fins ex- 
amined, although recent work indicates that a more 
highly refined laboratory technique (microradiog- 
raphy) might discern minor amounts of porosity even 
in this well fed section of the casting.*-6.14 Inclusions 
in the central portions of the casting appeared to be 
somewhat coarser and more agglomerated than those 
in the fins, as previously reported by Wallace, Savage 
and Taylor!5 in their studies of similar castings. 

Inclusions in the as-cast and normalized castings 
were predominantly angular Type 3, and no unfavor- 
able Type 2 inclusions were found. Surprisingly, the 











fect on casting used during investigation. ities Sl ae 
‘Fig. 4 — Macroetched section showing condition of cast- 
ing at a location 2 in. from bottom. 


Fig. 5 — Macroetched section showing condition of cast- Fig. 6 — Macroetched section showing condition of cast- 
ing at a location 4 in. from bottom. ing at a location 6 in. from bottom. 


















homogenizing treatments at the higher temperatures 
appeared to cause these Type 3 inclusions to change 
to a more rounded shape. 

A mixture of grain sizes was found to be present 
in all specimens. The grain number ranged predom- 
inantly from 6 to 8, although some number 5 grains 
were present in a few of the specimens. 

Examination of the etched structures at 60X showed 
the dendritic pattern and the degree to which it was 
broken up by the various homogenizing treatments 
employed. Noticeable dendritic structures still existed 
after the 2100 F treatment, but after the most drastic 
homogenization (2300 F for 16 hr) only faint outlines 
of the pattern remained. Figure 7 shows a progressive 
decrease in dendritic pattern as the temperature of 
treatments increased from 2100 to 2300 F. 


After 2100 F, 4 hr. 


After 2200 F, 4 hr. 


After 2300 F, 4 hr. 


Fig. 7 — Microstructures showing effect of 
temperature on dendritic structure. 60 X. 
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MECHANICAL PROPERTIES 


To establish a standard with which to compare 
the results of the homogenizing treatments, tests were 
first conducted on material that was not homogenized. 
Four tensile and four Charpy bars were tested 1) in 
the as-cast, quenched and tempered condition (austen- 
itize 1525 F, 2 hr, oil quench, temper 400 F, 2 hr and 
2) in the normalized quenched and tempered con- 
dition [normalize 1750F, 2 hr, air cool, repeat as in 
(1)]. Average results of these tests are presented in 
Table 4. 

Tables 5, 6 and 7 present the averaged mechanical 
property data for tests in which homogenization pre- 
ceded normalizing, quenching and tempering. In the 
tables, averages are for the best three out of four 
tests; original data are presented in the Appendix. 
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TABLE 4— AVG. TENSILE AND CHARPY RESULTS 
OF NONHOMOGENIZED SPECIMENS QUENCHED 
AND TEMPERED 











YS. Impact 
Conditionof At2%, TS., Elong., Red. of (—40 F), 
Specimens psi psi % Area, % ft-lb 
As Cast 
Quenched and 226,750 262,250 2.5 3.3 5.7 
Tempered* 
Normalized 
Quenched and 227,417 285,000 5.7 10.9 8.9 
Tempered 


* Tensile properties avg. of only 2 results due to tensile bars 
breaking outside gage marks. 





TABLE 5— AVG. TENSILE AND CHARPY RESULTS 
OF SPECIMENS HOMOGENIZED AT 2100F, 
NORMALIZED, QUENCHED AND TEMPERED 








Timeat YS. Impact 
Position of 2100F, At2%, T.S., Elong. Red.of (—40F), 
Specimens hr psi psi % Area, % ft-Ib 
Outside 1 228,500 284,170 5.5 78 9.0 
Outside 4 227,333 286,417 7.9 12.8 8.5 
Center 4 227,500 278,666 3.8 5.3 7.4 
Outside 8 226,666 287,170 7.1 9.8 8.0 
Outside* 16 220,000 281,000 6.4 14.0 10.3 
Centert 16 218,500 269,000 2.9 44 9.9 


* Tensile properties average of only 2 results. 
t Tensile properties of only one result. 
Both * and ft due to tensile bars breaking outside of gage marks. 





TABLE 6— AVG. TENSILE AND CHARPY RESULTS 
OF SPECIMENS HOMOGENIZED AT 2200F, 
NORMALIZED, QUENCHED AND TEMPERED 








Timeat YS. Impact 
Positionof 2200F, At2%, TS., Elong., Red.of (—40F), 
Specimens hr psi psi % Area, % ft-Ib 
Outside 1 228,000 288,000 7.9 15.7 8.6 
Outside 4 226,500 287,143 9.1 19.4 10.1 
Center 4 226,833 279,667 3.8 6.0 78 
Outside 8 221,667 291,334 5.9 14.1 9.2 
Outside 16 210,834 267,667 6.7 13.1 10.7 
Center 16 214,500 259,000 3.1 6.2 9.6 





TABLE 7— AVG. TENSILE AND CHARPY RESULTS 
OF SPECIMENS HOMOGENIZED AT 2300F, 
NORMALIZED, QUENCHED AND TEMPERED 








Timeat YS. Impact 
Position of 2300F, At2%, T.S., Elong., Red.of (—40F), 
Specimens hr psi psi % Area, % ft-lb 
Outside* 1 231,000 283,083 4.5 7.7 8.0 
Outside 4 230,170 287,000 7.6 10.7 8.6 
Center 4 219,000 265,167 2.1 4.7 8.0 
Outside 8 219,167 282,167 7.6 19.3 9.9 
Outside 16 213,500 267,600 9.0 20.3 11.1 
Center 16 214,667 267,334 4.1 76 9.3 


* Tensile properties average of only 2 results due to tensile bars 
breaking outside gage marks. 








These data indicate the strong effect of bar location 
on mechanical properties (particularly elongatio: 
and reduction of area). Specimens from the oute 
fins of the casting possess considerably better prope:. 
ties than specimens from near the center. The dat» 
also show that some homogenization is essential t: 
obtain optimum properties. However, from cursor 
examination it appears that little is to be gained i: 
mechanical properties by employing the treatmenis 
at higher temperatures and longer times, as compare« 
to the more conventional homogenizing treatments. 

To test this statistically, per cent reduction of area 
and impact strength for each individual test were 
plotted against a complex time-temperature param 
eter (Figs. 8, 9). This parameter, T (C + log t), where 
T = absolute temperature, C = material constant and 
t = time in hr, has been successfully applied to appli- 
cations involving creep,!® rupture,!7 tempering,18.19 
grain growth2° and diffusion.2! Since homogeniza- 
tion is dependent upon diffusion, it was believed 
that the parameter might also be applicable to this 
phenomenon. A value of 20 was used for the constant 
C, since it has been established that for ordinary 
alloy steels this value appears to be sufficiently 
accurate. 18.19 

Figures 8 and 9 show considerable scattering of 
values, although a trend appears to exist in which 
ductility and impact strength increase with increasing 
time-temperature parameter. A linear regression anal- 
ysis was conducted to see if some correlation existed 
between the data. Then in order to check the sig- 
nificance of this analysis, a statistical test in the form 
of a “students -t” test was made. This test indicated 
a highly significant probability that reduction of area 
and impact strength show a definite trend with in- 
creasing time-temperature parameter. For example, 
this probability for test bars from the outer fins was 
98 per cent in the case of reduction in area and 95 
per cent in the case of impact strength. 

Making what seemed to be a reasonable assump- 
tion, a straight line relationship was chosen to repre- 
sent this trend and the best straight lines were then 
calculated from the data. The Appendix presents a 
complete discussion of the statistical methods and 
calculations employed. Best straight lines through the 
data are shown in Figs. 8 and 9, and are expressed 
by the following equations: 


For test bars from fins of the castings 
% R.A. = 1.08 X 10-° T (20 + log t) — 48.8 (1) 


Impact 
Strength = 0.265 x 10-° T (20 + log t) — 5.27 (2) 


For test bars from the center section of the castings 
% R.A. = 0.329 X 10° T (20 + log t) — 12.2 (3) 


Impact 
Strength = 0.192 < 10-° T (20 + log t) — 2.1 (4) 


Thus it appears that, other things being equal, 
the increased homogenization gained by higher tem- 
peratures and longer times can improve the mechani- 
cal properties of high strength cast steel significantly. 
Data scattering obtained in this investigation are be- 
lieved to be due to small variations in microporosity 
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and inclusions in the test specimens studied and to 
the amount of sulfur in the metal. 


In an effort to determine further sources of poten- 
tial scatter, retained austenite was measured (by x-ray 
methods) in ten different specimens. In these speci- 
mens retained austenite varied from 4.4 to 7.5 per 
cent (accuracy of analysis was + | per cent), and no 
correlation was evident between retained austenite 
and impact strength, Table 8. 


TTT-curves were obtained for material from the 
center and outside fins of the castings 1) normalized 
at 1750 F and austenitized, 2) homogenized at 2100 F 
for 4 and 16 hr, normalized and austenitized and 3) 
homogenized at 2300F for 4 and 16 hr, normalized 
and austenitized. Curves for cast 4340 steels given 
these heat treatments are displaced slightly to the 
right of the curves for wrought 4340 steel. 


Since data for the cast material lay fairly close to- 
gether only one curve representing the homogenized 
specimens was plotted (Fig. 10). The curve repre- 
sents the beginning of bainite transformation based 
on one to 3 per cent bainite present, and the end of 
transformation based on one to 3 per cent martensite 
present. Greater accuracy than this was not deemed 
necessary since results showed the homogenizing treat- 


T(C+log t)x 10” 


FIN PROPERTIES (PLOTTED POINTS) 
ee CENTER PROPERTIES (POINTS NOT PLOTTED) 


ments employed did not adversely affect hardenability 
of the specimens used in these studies. 


CONCLUSIONS 


Increasing homogenizing temperature and time (to 
a maximum of 16 hr at 2300 F) resulted in substan- 
tially complete breakdown of the dendritic structure 
of cast A.I.S.I. 4340 steel. 

High homogenizing temperatures and longer times 
appeared to change the shape of inclusions from 
angular to globular. 

Statistical analyses conducted on mechanical proper- 
ties of material heat treated to the 250,000-300,000 psi 
range indicated that a linear relationship probably 
exists between 1) reduction in area and a time- 
temperature parameter T (C + log t) and 2) impact 
strength and the same parameter. 

Small variations in the amount of retained austenite 
had no effect on mechanical properties in the speci- 
mens examined. 

Isothermal transformation studies showed that in- 
creasing the temperatures of homogenization did not 
materially affect the position of the TTT-curves. 
Curves for cast A.I.S.I. 4340 are displaced slightly to 
the right of curves for wrought steels of the same 
composition. 
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Fig. 10 — Homogenization effect on the time 
temperature-transformation curve. 








Bo 
TIME (SECONDS) 


TABLE 8— RETAINED AUSTENITE VALUES 





Specimen 
Number 


Retained Impact (—40 F), 
Austenite, % ft - Ib 





1-6 4.5 9.5 
1-12 5.8 78 
1-17 5.7 8.9 
2-8 6.5 12.0 
3-5 5.0 9.5 
3-12 6.2 8.2 
4-8 7.6 11.4 
4-12 7.0 9.7 
6-7 6.5 13.3 
6-9 4.4 11.5 
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APPENDIX 


identification of Specimens 

Specimens were cut from each of the 12 castings, 
as shown in Fig. 2. The 8 outer specimens, and 4 
specimens from the center of the casting approx- 
imately the same dimensions as the outer specimens, 
were cut longitudinally the length of each casting. 
Thus, a total of 96 specimens from the outer surfaces 
and 48 specimens from the center areas of the 12 


741 


castings were available for testing. The specimens were 
identified in the following manner: the first number 
represented the mold, and the second number the 
location of the specimen from the castings. The mold 
numbers ranged from | through 6, and the speci- 
men numbers ranged from | through 12 for the first 
casting and 13 through 24 for the second casting from 
each mold. The first 8 numbers identified the speci- 
mens from the outer surface and the last 4 numbers 
identified the specimens from the center of the 
castings. 


TABLE 9— TENSILE AND CHARPY RESULTS OF NONHOMOGENIZED SPECIMENS 
NORMALIZED, QUENCHED AND TEMPERED 














Yield Tensile Red. Impact 

Str., Str., Elong., in Area, (—40 F), Hardness, 
Treatment Identification psi psi % % Location Break ft - Ib Re 
1-16* ~ _ - - ~ OSGM 62 53.9 
2-16* 225,500 257,000 0 0 - OSGM 5.2 53.7 
As-Cast 3-16 225,000 253,500 2.9 3.8 fins MT 5.2 54.4 
Quenched 4-16 228,500 271,000 2.1 2.7 - OT 5.7 53.9 
and Avg. 226,750 262,250 25 33 5.6 54.0 
Tempered Avg. of 3 226,750 262,250 2.5 3.3 5.7 54.1 
1-17* ~ = = - - 8.9 53.7 
Normalized, 2-17 224,750 280,000 5.0 11.9 MT 4.2 53.8 
Quenched 3-17 227,500 287,000 7.1 10.9 fins MT 8.6 54.1 
and 4-17 230,000 288,000 5.0 9.8 OT 92 54.5 
Tempered Avg. 227,417 285,000 5.7 10.9 7.7 54.0 
Avg. of 3 227,417 285,000 5.7 10.9 8.9 54.1 


* Tensile values not included in average. 





Linear Regression Analysis Between Percent 
Reduction in Area and the Time-Temperature 
Parameter T (C + log t) 


For Outer Fin Area 


x = T (20 + log t) y=%RA 

g — 2*_ ee BS 

% = F7 = 55,000 y= = 15-7 
Summation Results 


l. N= 35 
; | (x oo x) = 600 
3. 3(y—Y) = 0.80 
Correlation Coefficient — r: 
%(x—X)(y—J¥) _ 3(K-*%) , B(V—9) 
N N N 


= = 0.418 
2 aX X oy 


4, 3(x—X) (y—¥) = 164,870 
5. 3(x—X)? = 152.46 X 10° 
6. 3(y—¥)? = 1013.46 








where: 


_| 3(x—x)? = (x — xX) - ‘ 
x=| N -| N ]] = 2.09 X 10 


mee | Hi 2y— a 0] e - 5.39 


The correlation coefficient r is tested by the “stu- 
dents -t’” relationship. 


Calculating Probability of Statistical Results by 
“Students -t’”’ Relationship 


,—-1VN-2 
Vl-r 








(ref. 22, p. 311) 





where: 
r = correlation coefficient 


N — 2 = degrees of freedom. 


N= 35 
r= 0.418 

_ 041833 _ 
“V1 0418) 


since: 
to.og = 2.47 and t.4;, = 2.70 (ref. 23, p. 484) 


Results show a 98 per cent probability that a 
definite trend exists. A straight line relationship 
seemed applicable. 


Equation for Best Fitting Straight Line 





_ 9 — TeY pe _ gy _ Toy 3(X—%) , S(y—J) 
(y-y) = a (x — X) —— aoe tie (ref. 22) 
Negligible 
y — 13.7 = 0.00108 (x — 55,000) 
y = 0.00108x — 45.8 
% RA = 1.08 X 10 T (20 + log t) — 45.8 


For Center Area 

Summation Results 

l1.N=15 4. 3 (x—X)(y—J) = 22,700 

2. & (x — x) = 300 5. 3 (x —X)? = 68.19 x 10° 

3. 3(y—y) = 0.10 6. S(y—Y)* = 28.35 
Correlation Coefficient —r: 
3(x—% (y-J)_ 3(K-%) , B(V-J) 

N N N___ 95) 
oX X oy : 





r= 












ox = 2.14 X 10° 
oy = 1.38 


Calculating Probability of Statistical Results by 
“Students -t”’ Relationship 

a r/~N-2 

Vl-r 







= 2.14 









where: 





N=15 
T= 0.51 
The value of t = 2.14 indicates a 95 per cent proba- 
bility that a definite trend exists.23 


Equation for Best Fitting Straight Line 


wy Te 8) TP » 3R— 9%) SV—-P) 
er eee ee ee 
y = 0.329 X 10 T (20 + log t) — 12.2 


% RA = 0.329 x 10 T (20 + log t) — 12.2 



















Linear Regression Analysis Between Toughness 
and the Time-Temperature Parameter T (C + log t) 


For Outer Fin Area 
x = T (20 + log t) y = Impact value 


g — 2X _ 5 — 2Y_ 
% = Fy = 55,000 y=yW= 23 
Summation Results 
l. N= 35 4. 3(x—x) (y—Y) = 40,080 


5. 3(x—X)? = 152.46 X 10° 


2. 3 (x — x) = 600 
6. > (y- y)? = 86.30 


3. >(y—Yy) = 12 
Correlation Coefficient — r: 
3(x—%)(y—-J) _ 3(x-%) , 3(y—J) 
N N N 


ave = 0.350 
oX X oy 








where: 
an ae x — x 2h 
ox = ES ay [20 ST] = 2.09 x 10° 





TABLE 10— TENSILE AND CHARPY RESULTS OF SPECIMENS HOMOGENIZED AT 2100F 
NORMALIZED, QUENCHED AND TEMPERED 

































* Tensile values not included in average. 


Time at Yield Tensile Red. Impact 

2100 F, Str., Str., Elong., in Area, (—40 F), Hardness, 

hr Identification psi psi % % Location Break ft - Ib Rc 

1-1 230,000 289,500 5.0 4.9 OT 9.2 53.9 

1-2 227,500 275,000 3.6 5.5 MT 8.1 515 

1 1-3 228,000 288,000 7.9 13.0 fins MT 7.8 52.5 

1-4° 227,500 273,000 2.1 4.4 OSGM 9.7 585 

Avg. 228,500 284,170 3S “78 8.7 52.9 

Avg. of 8 228,500 +=. 284,170 5.5 7.8 9.0 53.3 

1-5 227,500 287,000 71 11.4 MT 9.7 54.0 

14 227,500 287,500 8.6 10.9 MT 9.5 53.4 

4 1-7 227,000 284,750 79 16.1 fins MT 5.7 54.0 

1-8* 227,000 279,000 14 1.6 OSGM 6.4 53.3 

Avg. 227,333 286,417 79 128 "78 53.7 

Avg. of 8 227,388 = -286,417 79 12.8 8.5 53.8 

1-9 228,500 282,500 3.6 55 MT 8.1 58.7 

1-10 227,500 271,500 2.9 4.9 MT 6.2 53.7 

4 1-11 226,500 282,000 4.3 55 center OT 6.4 53.8 

1-12 226,100 267,300 3.6 4.5 OT 7.8 53.7 

Avg. 227,150 275,825 36 “Bl a 53.7 

Avg. of 8 227,150 278,666 3.8 5.3 74 53.7 

4-1 226,000 285,000 7.9 13.0 OT 7.5 53.3 

4-2 227,000 283,000 4.3 4.4 OT 8.9 54.3 

~ 4-8 227,000 289,000 71 9.3 fins OT 75 54.1 

4-4 226,000 287,500 6.4 7.1 OT 7.0 54.5 

Avg. 226,500 286,125 64 “B5 “99 54.1 

Avg. of 3 226,666 +=. 287,170 7.1 9.8 8.0 54.3 

4-5 222,000 282,000 7.1 16.1 MT 9.5 54.1 

4-6° 224,000 272,000 0.7 1.1 OSGM 72 53.6 

16 4-7 218,000 280,000 5.7 11.9 fins OT 9.9 54.2 

4-8° 215,300 270,000 0.7 1.0 OSGM 11.4 53.9 

Avg. 220,000 281,000 64 140 “95 54.0 

Avg. of 3 220,000 281,000 6.4 14.0 10.3 54.1 

4-9° 224,000 270,000 a Ll OSGM 10.5 54.2 

4-10* 222,000 269,000 7 Ll OSGM 9.4 53.8 

16 4-11° 218,900 287,200 0.0 0.0 center OSGM 5.8 54.3 

4-12 218,500 269,000 2.9 4.4 OT 9.7 54.4 

Avg. 218,500 269000 29 “44 “89 54.2 

Avg. of 8 218,500 + —- 269,000 2.9 4.4 9.9 54.3 























TABLE 11— TENSILE AND CHARPY RESULTS OF SPECIMENS HOMOGENIZED AT 2200F 
NORMALIZED, QUENCHED AND TEMPERED 









































rime at Yield Tensile Red. Impact 
200 F, Str., Str., Elong., in Area, (—40 F), Hardness, 
hr Identification psi psi % 4 Location Break ft -Ib Rc 
2-1 223,000 287,000 3.6 4.9 OT 10.9 54.6 
2-2 228,000 288,000 7.9 14.5 MT 76 54.4 
l 2-3 228,000 288,000 7.9 15.6 fins OT 7.4 54.8 
2-4 228,000 286,000 79 17.1 MT 72 54.8 
Avg. 226,750 287250 68 13.0 “83 34.6 
Avg. of 3 228,000 288,000 79 15.7 8.6 54.7 
2-5 227,000 287,500 7.9 19.6 MT 10.3 54.4 
2-6* 226,000 283,000 2.1 3.8 OSGM 8.0 54.6 
4 2-7 226,000 287,000 10.7 21.1 fins MT 8.0 54.8 
2-8 226,500 287,000 8.6 17.6 MT 12.0 54.5 
Avg. 226,375 286,125 73 155 “96 546 
Avg. of 3 226,500 287,143 9.1 19.4 10.1 54.6 
2-9 225,000 285,000 5.0 76 MT 7.2 55.4 
2-10 224,000 270,000 0.0 0.0 OSGM 73 54.6 
4 2-11 227,000 280,000 3.6 6.6 center OT 8.3 54.1 
2-12 228,500 274,000 2.9 3.8 MT 7.7 54.9 
Avg. 226,125 277,250 338 “6.0 “76 548 
Avg. of 3 226,833 279,667 3.8 6.0 78 55.0 
5-1 224,000 296,500 5.7 8.2 MT 8.3 54.0 
5-2 223,000 296,500 6.4 9.8 MT 8.3 53.9 
8 5-3 217,900 278,100 5.0 15.4 fins OT 78 54.4 
5-4 218,000 281,000 5.7 17.1 OT 11.0 54.2 
Avg. 220,725 288,025 37 126 “89 541 
Avg. of 3 221,667 291,334 5.9 14.1 9.2 54.2 
5-5 204,000 257,000 9.3 15.6 OT 8.0 53.7 
5-6 212,500 272,000 4.3 8.2 MT 11.1 53.6 
16 5-7 216,000 274,000 6.4 15.6 fins MT 11.8 53.7 
5-8° 217,000 268,000 0.7 1.1 OSGM 9.1 54.3 
Avg. 210,834 267,667 67 13.1 10.0 53.8 
Avg. of 3 210,834 267 ,667 6.7 13.1 10.7 53.9 
5-9 215,500 270,000 3.6 76 MT 10.5 54.0 
5-10 213,000 265,000 3.6 76 MT 10.0 55.3 
16 5-11 215,000 242,000 2.1 3.3 center MT 8.4 54.9 
5-12* 215,000 274,000 2.1 2.2 OSGM 8.2 54.4 
Avg. 214,500 259,000 31 62 93 54.2 
Avg. of 3 214,500 259,000 3.1 6.2 96 54.9 
* Tensile values not included in average. 
TABLE 12— TENSILE AND CHARPY RESULTS OF SPECIMENS HOMOGENIZED AT 2300 F 
NORMALIZED, QUENCHED AND TEMPERED 
Time at Yield Tensile Red. Impact 
2300 F, Str., Str., Elong., in Area, (—40 F), Hardness, 
hr Identification psi psi % >A Location Break ft-lb Rc 
3-1 230,000 287,500 79 14.5 OT 8.1 54.1 
§-2 233,000 280,250 1.4 3.3 OSGM 6.7 55.2 
l 3-3 230,000 276,500 2.1 4.8 fins OSGM 7.0 55.4 
3-4 230,000 281,500 3.6 3.8 OT 8.9 54.7 
Avg. 230,750  - 281,437 38 “66 47 349 
Avg. of 3 231,000 283,083 4.5 7.7 8.0 55.1 
3-5 229,000 287,000 5.7 6.6 MT 9.5 54.0 
3-6 232,000 286,000 10.0 13.0 MT 6.2 54.4 
4 3-7 228,500 284,000 4.3 4.9 fins OT 8.4 55.0 
3-8 229,500 288,000 7.1 12.4 MT 78 54.1 
Avg. 229,500 286,250 68 92 “8.0 544 
Avg. of 3 230,170 287,000 76 10.7 8.6 54.5 





(Continued on next page) 





































































TABLE 12— TENSILE AND CHARPY RESULTS OF SPECIMENS HOMOGENIZED AT 2300 F 
NORMALIZED, QUENCHED AND TEMPERED 




















































Time at Yield Tensile Red. Impact 
2300 F, Str., Str., Elong., in Area, (—40 F), Hardnes 
hr Identification psi psi % % Location Break ft - Ib Rc 
3-9° 227,500 250,000 0.0 0.0 OSGM 7.3 54.1 
8-10 222,000 263,000 14 4.4 OT 7.3 54.1 
4 $-11 215,500 270,500 2.9 4.9 center MT 8.4 54.1 
3-12 219,500 262,000 2.1 49 OT 8.2 54.3 
Avg. 219,000 265,167 21 “47 “8.0 542 
Avg. of 3 219,000 265,167 2.1 4.7 8.0 54.2 
6-1 224,000 290,000 8.6 18.6 MT 8.0 54.0 
6-2 212,000 272,000 5.7 17.1 OT . 10.0 52.7 
8 6-3* 225,000 246,000 0.0 0.0 fins OSGM 8.7 53.3 
6-4 221,500 284,500 8.6 22.1 OT 11.1 52.5 
Avg. 219,167 282,167 76 193 “95 53.1 
Avg. of 3 219,167 282,167 7.6 19.3 - 99 53.3 
6-5 210,000 262,300 10.0 25.5 OT 6.2 53.4 
6-6 208,000 260,000 10.0 24.1 OT 10.3 53.3 
16 6-7 203,500 253,000 4.3 7.6 fins MT 13.3 50.2 
6-8 222,500 280,500 7.1 11.4 MT 96 53.2 
Avg. 211,000 263,950 79 172 “99 525 
Avg. of 3 213,500 267 600 9.0 20.3 11.1 53.3 
6-9 212,500 263,500 3.6 7.6 MT 11.5 53.1 
6-10* 212,750 240,500 0.0 0.0 OSGM 8.2 53.7 
16 6-11 215,500 267,000 5.0 8.2 center MT 5.4 53.1 
6-12 216,000 262,500 3.6 7.1 OT 8.3 53.6 
Avg. 214,667 264,334 41 76 “B4 53.4 
Avg. of 3 214,667 264,334 4.1 76 9.3 53.5 
* Tensile values not included in average. 
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Correlation Coefficient — r: 
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r= 0.350 oX X oy 
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0.35 ./33 aX = 1.895 X 108 
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since: Calculating Probability of Statistical Results by 
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to.os = 2.04 and t.4;, = 2.15 (ref. 23, p. 484) 












Results show a 95 per cent probability that a 
definite trend exists. A straight line relationship 
seemed applicable. 






where: 
N= 18 
The value of t = 1.15 indicates a 73 per cent proba- 
bility that a definite trend exists.2 






Equation for Best Fitting Straight Line 





















(y—9) = EY (x — x) —T2 ZR—D 4 AVY) reg. 29) 
ox ox N N Equation for Best Fitting Straight Line 
Negligible (y—9) = TY (x —2) Fed x 3 x) - 33) 
(y — 9.3) = 0.265 X 10° (x — 55,000) “ 
y = 0.265 X 10° — 5.27 y = 0.192x — 2.1 





Impact = 0.265 X 10-* T (20 + log t) — 5.27 Impact = 0.192 X 10-* T (20 + log t) — 2.1 












RIGGING Al-7Mg ALLOY CASTINGS 


ABSTRACT 


In an earlier paper,! rules were developed for the 
feeding range in plate and bar castings of the Al-7Mg 
Alloy. Additional data have been obtained on the 
simple horizontal castings, and supplemented with 
studies conducted on vertical castings of simple shape. 
With this additional information, a rigging system was 
predicted which produced a high degree of soundness 
in an experimental casting of complex shape. Sound- 
ness of the casting was verified by the excellent tensile 


properties obtained from the various sections of the 
casting evaluated. 


INTRODUCTION 


The maximum distance that risers will feed the 
solidification shrinkage in ferrous castings has been 
determined and, as a result, formulas for dimension- 
ing of risers to be used on certain ferrous castings?-5 
have been evolved. However, complete determination 
of feeding ranges in nonferrous casting alloys has 
not been made. At best, the size of nonferrous risers 
can only be approximated from the charts and for- 
mulas available for certain ferrous alloys.* Therefore, 
research to determine the feeding range of the Al-7Mg 
alloy, and the principles of thermal dynamics that 
produce sound nonferrous castings for armor, was 
sponsored for several years at Battelle Memorial In- 
stitute by the Ordnance Tank Automotive Command, 
Detroit Arsenal, Center Line, Mich. The program was 
guided by the Research Committee of the Light 
Metals Div. of the American Foundrymen’s Society. 

In the earlier study, rules were developed for the 
feeding range in some simple shapes cast horizontally. 
Additional information on horizontally cast plates 
was needed. Since castings of complex design com- 
prise a combination of simple shapes in either a 
horizontal or vertical position, rules for simple shapes 
cast. vertically also had to be developed. This was 
necessary before consideration could be given to pre- 
dicting the rigging of a casting of complex shape 


W. H. JOHNSON is Senior Met. and J. G. KURA is Div. Chief, 
Battelle Memorial Institute, Columbus, Ohio. 

The Research Committee of the AFS Light Metals Div. consisted 
of the following members: W. E. Sicha, Chairman; W. Bonsack, 
D. J. Henry, W. J. Klayer, J. G. Mezoff, C. E. Nelson, T. D. Stay 
and R. F. Thomson. G. P. Messenger (who represented Detroit 
Arsenal), S. Lipson (who represented Frankford Arsenal), R. W. 
Zillman and C. B. Jenni, served as ex officio members of the 
committee. 
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that would result in a sound casting. These addi- 
tional data are presented in this paper. All of the 
information was then applied to design the rigging 
for a casting representative of some of the com- 
plexities encountered in commercial castings. Details 
on the rigging procedures are described in the 
Appendix. 

Heats of the Al-7Mg alloy were prepared in a 
clay graphite crucible in a high frequency induction 
furnace with commercial grade aluminum (99.85 per 
cent purity) and magnesium (99.8 per cent purity). 


Beryllium (0.005 per cent) was added to protect the” 


melt against excessive oxidation while pouring at 
1350 F. Except where specifically noted otherwise, the 
experimental procedures that were used to obtain 
the data reported here were those that were described 
in the previous paper.! 


PLATES CAST HORIZONTALLY 


Feeding Range for 1 '/2-In. Thick Plates 

In the previous paper,! the length of a horizontal 
plate that was found to be radiographically sound 
when fed by a side riser was as follows: 








Thickness (T) , Length, Length in 
in. in. Terms of T* 
RS erent s Mage cQnachedomen haat ows 8T 
Lso-vecu basse ceh ones bike BococcnnskoevdeViep anes 5T 
Do vievdainy. op psaurees ee Ory: Pe trey $8T 


a. T is the thickness of the plate section in in. 





To obtain a more complete picture of the effect of 
plate thickness on the feeding range, several plates 
1l4-in. thick were gated and risered, as shown in Fig. 
1. With the side riser, the 414-in. long plate was sound, 
whereas the 714-in. long plate had shrinkage voids 
extending throughout most of its top portion. With 
the top riser, the 414-in. long plate had small shrink- 
age voids beneath the riser. 

The results with the 114-in. thick plates were simi- 
lar to those obtained previously! with the 2 in. thick 
plates. Thus, the feeding range is 3T for 114-in. 
thick plates cast horizontally with a side riser. 


Feeding Range for Top-Risered, 2-Inch-Thick Plates 


The previous paper,! showed that a top riser was 
effective in achieving soundness in a one in. thick 




















Fig. 1 — Location of gate and riser for horizontally cast 
plates 144-in. thick. 


plate of the Al-7Mg alloy, but was not effective for a 
2 in. thick plate. Experiments were conducted to 
determine whether the 2 in. thick plate could be 
cast by either reducing the width of the plate* or 
decreasing the diameter of the riser. 

The plates were 6 in. square. With one plate, 
the top riser had a diameter and height of 5 in. For 
the second plate, the diameter of the riser was 3 in. 
while the height was retained at 5 in. Severe micro- 
porosity occurred beneath the 5 in. diameter riser. 
This porosity extended to within about 14-in. of the 
drag surface, and to within about 14-in. of the side 
edges. When the top riser was 3 in. in diameter, the 
distribution of the microporosity was not changed 
significantly. However, localized shrinkage caused col- 
lapse of the surface immediately adjacent to the 
riser. It was concluded that soundness could not be 
achieved in a horizontal, unchilled, 2 in. thick plate 
as small as 6 in. square when fed by a top riser. 


Side Riser Size for Optimum Feeding 


At the start of this program, the volume of riser 
for feeding Al-7Mg alloy castings was determined 
arbitrarily by using the data in Fig. 2 for a 0.30 per 
cent carbon steel.2 The volume of the riser was 
selected as if it were intended to feed a steel plate 
having a length and width 5 times the thickness of 
the plate. The top line of Fig. 2 was used to calculate 
the volume of the experimental risers. 





*When fed by a side riser, the smallest size of 2 in. thick 
plate that could be made radiographically sound had a width 
of 10 in. and a length of 6 in. A plate of this size had under- 
riser shrinkage when fed by a top riser. 





From Fig. 2, a 2 in. thick plate measuring 10 by 1() 
in. would require a riser having:a volume of 101 cu in. 
The height and diameter of the riser were both 
made 5 in. to achieve this volume. 

Additional experiments were conducted to establis); 
the smallest volume for side risers to produce opti 
mum feeding in horizontal 1, 114, and 2 in. thick 
plates. The dimensions of the risers and plates are 
given in Table 1. The size of plate chosen for each 
thickness had been radiographically sound when fe: 
by a side riser having the original dimensions, which 
are also given in Table 1. 


TABLE 1— DIMENSIONS OF SIDE RISERS 
INVESTIGATED FOR DETERMINING OPTIMUM 
FEEDING IN HORIZONTAL PLATES 





i : , Original Riser Experimental Riser 
Plate Dimensions, in. Dimensions, in.* Dimensions, in. 


Number Thickness Width Length Diameter Height Diameter Height 








l 1 5 5 2% 5 2% 2% 
2 1 5 5 2% 5 2 5 
3 1% 4%, 7% 31% 5 3 5 
4 2 6 10 5 5 5 2% 
5 2 6 10 5 5 4\ 5 


a. Had produced a sound plate. 





The one in. thick plate with a 214-in. diameter 
riser (Plate 1) was sound when the height of the riser 
was decreased from 5 in. to 214-in. According to Fig. 
2, the smaller riser would be expected to supply suf- 
ficient metal to feed the plate. In Plate 2 which had 
the diameter of the riser decreased from 214-in. to 2 
in., shrinkage extended to a distance of about one 
in. in front of the riser. Although the volume of 
this riser was slightly greater than the volume cal- 
culated directly from Fig. 2, the decrease in the 
diameter caused the riser to solidify before feeding 
of the plate was completed. 

These experiments showed that the data from 
Fig. 2 for mild steel can be used to calculate the 
volume of the riser that will produce soundness in 
a one in. thick plate. However, the diameter of the 
riser must be large enough to permit the riser to 
remain liquid until the casting solidifies. The rule 
that the diameter of a riser should be 214 times the 
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Fig. 2 — Relationship between shape factors and R,/C 
ratios for 0.30 per cent carbon steel.2 
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section thickness of the casting appears to apply for 
the one in. thick plate. 

The 114-in. thick plate (Plate 3) was unsound when 
the diameter of the riser was decreased from 314-in. to 
3 in. The larger of the two risers had been calculated 
from Fig. 2 and had produced a sound plate. There- 
fore, these results again confirm that the data for 
mild steel in Fig. 2 are applicable to the Al-7Mg 
alloy. 

With 2 in. thick plates, a decrease in height of 
riser from 5 in. to 24%4-in. (Plate 4) or a decrease in 
diameter from 5 in. to 414-in. (Plate 5) resulted in 
shrinkage in the upper one-third of the plates. In 
addition, some dishing of the surface occurred imme- 
diately in front of the riser of both plates. Only the 
riser 5 in. in diameter and 5 in. high fed the plate 
completely. Its volume had been calculated from the 
upper line for mild steel in Fig. 2. Therefore, this 
particular line appears to be applicable for calculating 
the volume of riser for adequately feeding plates 1, 
11% or 2 in. thick. 


PLATES CAST VERTICALLY 


Experiments were conducted to determine the feed- 
ing distance in vertically cast plates. Both top and 
side risers were investigated. In the first experiments 
the top riser was trapezoidal in shape and was placed 
along the entire top edge of the plate, as shown in 
Fig. 3. The dimensions of this type of riser for the 
one and 2 in. thick plates were as follows: 





Riser Dimensions, in. 











Plate Dimensions, in. Width at the Width atthe Riser Volume, 
Thickness Width Height Length Bottom Top Height cu in. 
1 5 5 5 l 2 314 25* 
2 10 6 10 2 3 4 100° 


a. Equivalent to the volume of the cylindrical riser 214-in. in 
diameter and 5 in. in height used in earlier experiments.1 


b. Equivalent to the volume of the cylindrical riser 5 in. in 
diameter and 5 in. in height used in earlier experiments.1 





A plate measuring 5 by 5 in. and one in. thick 
was selected for the first experiment, because it was 
the largest of the horizontally cast 1 in. thick plates 
that could be made radiographically sound when 
using a top riser.1 In gating the vertical casting, a 
continuous web connection 4-in. deep by %,-in. 
thick was attached along one of the vertical edges of 
the plate (Fig. 3). This web connected to an enlarged 
vertical runner section measuring 14-in. by Y-in. A 
gate from the well at the base of a tapered sprue 
directed the stream upward into the enlarger runner 
section.? Radiographs showed that dispersed shrink- 
age occurred in the plate cast in this manner. 

In the second experiment, a 2 in. thick plate was 
cast which measured 6 in. high by 10 in. wide. The 
arrangement of the riser and gate was similar to that 
depicted in Fig. 3. The dimensions of the gate were 
the same as those of the one in. thick plate. Radio- 
graphs showed that shrinkage was again dispersed 
throughout the plate. It was concluded that sound- 
ness cannot be obtained in unchilled vertical plates 
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of the above dimensions when a trapezoidal top riser 
is used. 


Vertical Plates With Side Risers 


The effectiveness of a side riser on the soundness 
was determined with one and 2 in. thick plates cast 
vertically. In the experiments, the side riser was 
connected directly to one of the vertical edges, as 
shown in Fig. 4, with the gate attached to the bottom 
of the riser. 

The one in. thick plates measured 5 by 8 in., and 
were cast so that the vertical height was 8 in. In the 
first experiment, the cylindrical side riser had a diam- 
eter of 2 in. and a height of 12 in., 4 in. of which 
extended above the top of the plate. In two sub- 
sequent experiments, the diameter of the riser was 
increased to 214-in., but the height was retained at 
12 in. One of these two plates was cast with steel 
chills, in the manner illustrated in Fig. 4. 

A section through the unchilled plate cast with 
the 2 in. diameter riser showed coarse microporosity 
present in the center. The unchilled plate cast with 
the 214-in. diameter riser contained only fine micro- 
porosity. The chilled plate with the 2144-in. diameter 
riser was radiographically sound. 

Previous research! had shown that a thermal gra- 
dient of at least 5 F/in. must be achieved in the 
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Fig. 3 — Location of gate and trapezoidal riser for ver- 
tically cast plates. 










































Fig. 4 — Location of gate, side riser and chills for the 
vertically cast plates. 


Al-7Mg alloy to obtain soundness. Analysis of the 
thermal data taken on the one in. plates showed that 
the thermal gradients were less than 5 F/in. in sec- 
tions that were unsound. The minimum thermal 
gradient in the sound plate cast against chills was 
15 F/in. 

Two in. thick plates were also cast with and without 
chills. The plates measured 6 by 10 in., and were 
cast so that the vertical height was 10 in. The riser 
had a diameter of 5 in. and its height was 14 in. 

When cast without chills, fine microporosity was 
present close to the riser, particularly near the top 






















edge of the plate. When cast with chills placed alone 
the bottom and the vertical edges opposite the riser, 
the plate was radiographically sound. 

A comparison of the approximate feeding range o 
side risers for vertical plates and the feeding rang 
determined previously for end risers on horizonta 
plates? is: 














Feedi 
Shese eeding Range 
Thickness (T) , Horizontal Vertical 
in. Unchilled  Chilled* Unchilled = Chillec® 
1 5T 5T 4T “i 
$T $T 2T $T 


a. Bar chill placed on end opposite the riser. 


b. Bar chill placed on bottom edge and on the vertical edge op 
posite the riser. 





It is apparent that a side riser on an unchilled 
vertical plate will feed almost as great a distance as 
an end riser on a horizontal plate. It is also apparent 
that end chills improved the feeding of vertical plates, 
which was not the case with horizontal plates.1 


COMPLEX SHAPE CASTING QUALITY 


The rules developed from this research program 
were intended to serve as guides in rigging a casting 
of new design. Even though completely satisfactory 
soundness may not be attained on the first attempt, 
the application of the rules should reduce markedly 
the number of pilot castings that are required to 
design the rigging for castings having the desired 
degree of integrity. Because of the practical experi- 
ence that exists in applying similar rules to ferrous 
castings, most steel castings now can be made sound 
on the first attempt. The same high degree of success 
should be expected with nonferrous castings as expe- 
rience is acquired in the use of ghe rules. 

The design, shown in Fig. 5, was selected as repre- 
sentative of the complexity that might be encountered 
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Fig. 5 — Experimental casting. 
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Top View 





























in commercial castings. The procedure that was fol- 
lowed in developing the rigging scheme, illustrated 
in Fig. 6, for the Al-7Mg alloy casting is described in 
detail in the Appendix. Briefly, the first step was to 
decide upon the location of the risers and chills. 
To achieve the maximum degree of directional solidi- 
fication, spot and bar chills were placed to simulate 
tapered wedge chills. These spot chills were approxi- 
mately 2 in. apart. They were placed so that direc- 
tional solidification always proceeded directly toward 
a riser. 

Because all castings can be divided into combina- 
tions of plates and bars, the calculations in the 
Appendix determined the smallest volume of riser 
that is required to feed the various sections of the 
casting. The most economical procedure was to use 
two side risers and four top risers. The top risers 
were thermally insulated from the casting somewhat 
by having a neck between the riser and casting, to 
increase their feeding efficiency® and to reduce the 
tendency for hot spots to form adjacent to the riser. 
The casting was poured at 1350 F through gates that 
were attached to the two side risers. 

The casting weighed 50 lb. The total weight of the 
riser and gates was 29 lb. Thus, the yield was about 
63 per cent. Sections 74-in. thick were removed from 
the center section of the flanges and examined radio- 
graphically. Some microporosity was present beneath 
the top riser on each of the flanges, and also next to 
the core in the drag portion of the 2 in. thick flange. 


Insulated Risers 

The relatively fine microporosity beneath the top 
riser undoubtedly could be reduced by using risers 
with an insulated sleeve.1-9 As was determined in the 
earlier studies,1 insulated risers did not increase the 
feeding range; however, they did minimize the severity 
of the microporosity. The soundness of the flanges 
could also be increased by placing somewhat thicker 
chills against the outer and inner faces of the flanges. 


The radiographs also showed that some porosity 
was present next to the core in the drag portion of 
the 2 in. thick flange. It is possible that the core 
created a hot spot in this particular area. To correct 
this effect of the core, a chill might be placed in the 
core adjacent to the location of the porosity. Chills 
might also be placed in the core beneath each top 
riser to improve directional solidification toward the 
riser. Chills located in the core in this manner may 
possibly eliminate the need for a top riser on the 
one in. thick flange. 

The soundness of the casting was based on radio- 
graphic examination. The effectiveness of the rigging 
technique in achieving soundness can also be judged 
by tensile properties determined on specimens taken 
from selected locations in the casting. Standard tensile 
specimens were machined from the flanges, at the 
locations shown in Fig. 7. A tensile specimen was also 
taken from the bottom of the longest barrel approxi- 
mately midway between the 114- and 2 in. thick 
flanges. The data are presented in Table 2. Since test 
bar castings were not poured during the research pro- 
gram, the data on the experimental casting were 
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Fig. 6 — Rigging of an experimental casting of Al-7 Mg 
alloy. Although not indicated, spot and bar chills were 
also spaced about every 2 in. on the drag of the short 
barrel, and on the drag of the one in. thick flange. The 
top risers were necked down between the riser and 
casting. The area of the neck was about 60 per cent of 
the area of the riser. 


compared with published data!® on separately cast 
test bars. 

Except for the specimens taken from directly be- 
neath the top riser of the flanges, the tensile properties 
within the casting equaled or exceeded the minimum 
tensile properties obtained in separately cast test bars. 
The ductility, particularly in the chilled portions of 
the flanges, exceeded the highest value of 13 per cent 
elongation that was reported for the separately cast 
test bars. Although the average tensile properties 
in the one and 1)4-in. thick flanges are lower than 
would be anticipated on the basis of radiographic 
soundness, the modifications in rigging that have 


TABLE 2 — TENSILE PROPERTIES OBTAINED 
IN THE COMPLEX CASTING 








Yield 
Strength, psi Ultimate Elong. 
Section of the 0.2 percent Strength, in 
Casting Specimen No. offset psi 21n.,% 

one in. flagge It 14,500 19,400 — 
Ib 16,600 $3,500 14 

Avg. 15,600 26,500 14 

1.5 in. flange 1.5t 15,800 25,000 8 
151 17,300 34,400 15 

1.5r 17,400 40,600 24 

1.5b 16,700 $2,600 13 

Avg. 16,800 33,200 15 

2 in. flange 2t 15,600 29,300 1] 
21 17,200 36,200 18 

2r 16,600 $8,300 22 

2b 16,200 35,500 17 

Avg. 16,400 34,800 17 

one in. barrel 16,900 $2,000 ll 
Cast test bars” Minimum 19,000 $5,000 9 
Typical 21,000 40,000 13 


a. Broke outside gage marks. 
b. ALMAG 35, William F. Jobbins, Inc., Aurora, IIl. 











1% and 2 in. thick flanges 
of the complex casting of 


Al-7 Mg alloy. 


specimens machined from 1, 


Fig: 7 — Location of tensile 
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been suggested undoubtedly would make an appre- 
ciable improvement in the properties. 


OBSERVATIONS AND CONCLUSIONS 


The following observations were made from the 
present studies: 


1) The feeding range is 3T for 114-in. thick plates 
cast horizontally with a side riser. 

2) Under-riser shrinkage occurs when a top riser is 
used on 114-in. thick, horizontal plates. Larger 
risers would be expected to accentuate this shrink- 
age. Smaller risers solidify before the plate, with 
the consequence that under riser shrinkage as well 
as dishing occurs on the surface of the casting in 
the vicinity of the riser. 

3) A side riser on unchilled vertical plates provides 
about the same feeding range as an end riser on 
horizontal plates. 

4) End chills increase the feeding range in vertical 

plates having a side riser, but not in horizontal 

plates. 

The smallest volume of riser that will provide 

optimum feeding of horizontally or vertically cast 

plates can be calculated from the published data 
for mild steel. 
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The maximum feeding ranges for horizontal and 
vertical plates are summarized: 





Feeding Range 











Plate Horizontal Vertical 
Thickness (T) , (End Riser) (Side Riser) 
in. Unchilled Chilled* Unchilled Chilled? 
Vy 8T _ = - 
1 5T 5T 4T 5T 
1% 3T 3T - = 
2 $T $T 2T $T 


a. Bar chill placed on end opposite the riser. 
b. Bar chill placed on bottom edge and on the vertical edge op- 
posite the riser. 





Rules for rigging Al-7Mg alloy castings were 
developed from the earlier study! and from the 
present study on simple plate shapes. When an Al- 
7Mg alloy casting of somewhat complex shape was 
rigged by the rules presented in this paper, the 
casting was relatively free of shrinkage. Sections of the 
complex casting had tensile strengths as high as 
40,000 psi with an elongation of 24 per cent. The 
average properties from various sections were 33,000 
psi tensile strength and 15 per cent elongation. These 
values equaled or exceeded those reported for sep- 
arately cast test bars. 

Verification of the usefulness of the feeding range 
data and the procedures developed for rigging castings 
is desirable. With the information presented in this 
paper, the lightmetal foundry industry is now better 
equipped to reduce the number of trial pilot castings 
to achieve a high degree of soundness. 
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APPENDIX 


PROCEDURE FOR DETERMINING THE 
RIGGING OF AN AI-7Mg ALLOY CASTING 


The example presented here is intended to illus- 
trate how the rules for rigging developed from this 
and the previous paper! may be applied to produce 
sound Al-7Mg alloy castings. The rules are sum- 
marized below: 


1) When the design of the casting permits, the riser 
should be attached to the side instead of the top 
of the casting. 

2) When a side riser is used, the gate should be 
attached to the riser. 

3) When a top riser must be used on horizontal 
plates multiple gates and insulated sleeves should 
be employed, and the riser at the zone of contact 
may be necked down to obtain more uniform 
feeding. 

4) To extend the feeding range of a riser, tapered 
wedge-shaped chills or their equivalent in spot or 
bar chills should be used. 

5) For a plate casting, the thickness of the tapered 
wedge chills at their wide end should be at least 
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equal to the section thickness of the casting, and 
the thickness at their narrow end should be equal 
to one-half the section thickness of the casting. 

6) When the design of the casting permits tapered 
wedge chills to be placed on both sides of a section, 
such as a bar, the thickness at the wide end of 
the chills should be equal to at least one-half of 
the thickness of the casting section, and the thick- 
ness at the narrow end should be equal to one- 
quarter of the section. 


Several observations may also be stated: 


1) Different section thicknesses have different feed- 
ing ranges. When the risering for a casting is being 
considered, the tabulations of data given later in 
this section should be used. 

2) A side riser on unchilled vertical plates will feed 
almost the same distance as an end riser on hori- 
zontal plates. 

3) End chills increase the feeding range of the side 
riser on vertical plates, but do not increase the 
feeding range on horizontal plates. 


The research described in the present paper showed 
that the volume of riser required to feed a casting 
of the Al-7Mg alloy completely can be calculated from 
the published rules for the risering of steel. To use 
the published data for horizontal or vertical plates of 
the Al-7Mg alloy, the following data apply in cal- 
culating the feeding distances for side risers: 














Feeding Range 
Plate . ' 
Thickness (T) , Horizontal Vertical 

in. Unchilled Chilled* Unchilled Chilled” 
\% 8T _ - aN 

1 5T 5T 4T 5T 
1% 8T 8T ~ - 

2 8T 8T 2T 3T 


a. Bar chill placed against end opposite the side riser. 
b. Bar chill placed on bottom edge and on the vertical edge op- 
posite the continuous vertical web gate. 





The feeding range in a one in. thick plate cast 
horizontally with a top riser is 5T (T is the thickness 
of the plate in in.). Such plates are sound. On the 
other hand, shrinkage occurs under a top riser placed 
on a horizontal plate 114- or 2 in. in thickness. The 
feeding range in a one in. thick plate cast horizon- 
tally with an end riser can be extended from 5T to 
8T by using tapered wedge chills placed in the drag 
of the mold. Using such chills, the feeding range can 
be extended from 3T to 5T in a 2 in. thick horizontal 
plate and from 2T to 5T in a 2 in. thick vertical 
plate. 

In cubic and horizontal bar castings, the following 
data apply in calculating the feeding distances for 
end risers: 














Feeding Range 
Bar - 
Thickness (T) , Chilled 
in. Unchilled EndChill Tapered Wedge Chill 
2 by 2 1T 1T 4T 
3 by 3 <1T <1T 4T 
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Rules for rigging are intended to aid in producing 
sound castings when made for the first time. Some 
arbitrary dimensional adjustments must be made when 
calculating the size of risers because not all the desired 
information is available for the light alloys. For 
example, the feeding range of a riser for a given 
section thickness is different when the section, in 
turn, is feeding a thinner adjoining section. Pro- 
visions for handling such situations have been de- 
veloped for ferrous alloys, but not for the nonferrous 
alloys. Consequently, the present rules for rigging 
castings of Al-7Mg alloy may not always give adequate 
soundness when the castings are made for the first 
time. The application of the rules, however, should 
markedly reduce the number of pilot castings neces- 
sary to develop a sound casting. 


BASIS FOR CALCULATING THE RISER 
VOLUME 


The application of the rules developed for the 
Al-7Mg alloy was demonstrated, by using the experi- 
mental casting shown in Fig. 5. The approximate 
volume of the risers to obtain soundness in the Al- 
7Mg alloy can be determined from the shape factor 
and the ratio of riser volume (R,) to casting volume 
(C,). Their relationship is shown by the top line in 
Fig. 2. Values which are above the line are for risers 
that produce soundness. The shape factor?-8 is de- 
fined as 


L+W 
T 





where 


L = length of casting in in. 
W = width of casting in in. 
T = thickness of casting in in. 


Some of the data that are used in calculating the 
size of risers for the experimental casting are listed 
in Table 3. 





Fig. 8 — Relationship between shape factor and R,/C, 
ratio for determining the approximate volume of riser 
required for the Al-7 Mg alloy. 


TABLE 3— DATA REQUIRED FOR CALCULATING 
THE SIZE OF RISER FOR THE FLANGES OF THE 
Al-7Mg ALLOY CASTING 


Flange Dimensions, in. 











Outside Inside Volume of Shape Factor, , 
Thickness Diameter Diameter Flange(C,), L+W R,” 
(T) (D) (d) cu in.* - C, 
1 6 2 25 12 0.40 
1% 8 4 56 1034 0.45 
2 10 4 132 10 0.45 
2 _ q2 
a. The volume of the flange is given by se. 


b. This ratio is obtained from Fig. 2, using the value for the 
shape factor and its intersection with the line. 





Riser Volume for the One In. Thick Flange 


The shape factors for circular sections are assumed 
to be the same as those for square plates of like 
thickness having length and width dimensions equal 
to the diameters of the circular sections.2 Thus, a 
6 in. diameter flange has the same shape factor as a 
6 in. square plate of the same thickness. Therefore, 
the shape factor for the one in. thick flange on the 
casting is 

L+W_ 6+6 
= = 12 





With a shape factor of 12, the value of R,/C,, from 
Fig. 8, is 0.40. In calculating the volume of the flange 
C,, the volume of the cored area is not included. 


Since A: = 0.40 and C,= 25 (Table 3), the riser 


v 


volume is 
R, = C, X 0.40 = 25 X 0.40 = 10 cu in. 


Riser Volume for the 1 42- and 2 In. Thick Flanges 


The calculations for determining the volume of 
risers for the 114- and 2 in. thick flanges are similar 
to those for the one in. thick flange. When these 
calculations are made, the volume of the riser for 
each of the flanges is as follows: 





Flange Thickness, Riser Volume, 





in. cu in. 
BO eins pact dk 44S a bite 05D SS KARO 25 
seid data dss Bik ok oS he nS aleba epee 60 














These caiculated volumes of risers should be con- 
idered primarily as guides, since there is no infor- 
nation on the degree to which thick sections will 
eed adjoining thinner sections of Al-7Mg_ alloy. 
\rbitrary allowances have to be made in calculating 
he volume of risers for Al-7Mg castings as a pre- 
caution against underestimating the requirements. 
Consequently, the volume of the risers calculated 
from Fig. 2 was arbitrarily increased by about 50 
per cent. The adjusted volumes for each riser are 
given below. The dimensions of the risers will be 
established later. 








Calculated Calculated Volume of Riser, 
Flange Thickness, Volume of Riser, Plus 50 Per Cent, 
in. cu in. cu in. 
PE Pee Bp SRT EP 15 
. TEAS ee Mey Ciccone arte 38 
Palbkwat caccsseed ne ital fendi hi bes See 





LOCATING THE RISERS AND CHILLS 


Feeding the Flanges 


The first consideration in rigging castings of the 
Al-7Mg alloy was to determine whether risers could 
be attached to the side instead of the top of the 
casting. Because each of the three flanges in the 
experimental casting (Fig. 5) would require at least 
one riser, the rigging was designed at the start by 
locating a riser along the side of each flange. 

Because the feeding range of a section is a function 
of the thickness of the section, the feeding range in 
the three flanges was estimated to be: 














Flange Dimensions, in. Feeding Range 
Thickness (T) Diameter T in. 
l 6 4T 4 
1% 8 i She 3 
2 10 2T 4 


*Assumed to be the same as for a 2 in. thick plate. 





It is evident that the feeding range is less than the 
diameter of the flanges. Therefore, more than one 
riser is needed on each flange to fulfill the feeding 
requirements. In fact, three risers would be needed 
on the 1%-in. and 2 in. flanges. Additional risers 
could be placed around each flange, but to do this 
would réquire a long runner or an additional sprue. 
An alternative plan would be to use only two risers 
on a flange and to supplement feeding by using 
chills. The yield, or the percentage of metal poured 
that is in the casting itself, would be higher when 
using the latter system. 


Extending the Feeding Range in the Flanges 


For the 114- and 2 in. thick flanges having only 
a side riser attached to them, the feeding range can 
be extended from 2T to 5T'! by using tapered, wedge- 
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shaped chills. These chills, or their equivalent in 
spot chills, can be placed against the outer face and 
around the flange rim opposite the side risers to 
obtain directional solidification . (Fig. 6). If spot 
chills are used, those farthest from the riser should 
be at least as thick as the section with which it is 
in contact. The maximum distance between the spot 
chills, simulating a tapered, wedge-shaped chill, should 
be about 2 in. if continuity in directional solidification 
toward the riser is to be achieved. 

When using tapered wedge chills and side risers 
of adequate size, the feeding range in the 8 in. di- 
ameter, 114-in. thick flange is 7/4-in. (5T = 5x1K%= 
714). For the 10 in. diameter, 2 in. thick flange, the 
feeding range is 10 in. (5T = 5x 2 = 10). It is evident 
from this that it should be possible to feed the 2 in. 
flange while the 114-in. flange will lack complete 
soundness. This lack of soundness in the 114-in. 
flange and the problem with the one in. thick flange 
will receive further consideration later. 

The extent to which a hot spot created by a ‘core 
through the flange would restrict feeding from a side 
riser has not been determined. Neither has it been 
determined to what degree the barrel of the casting 
will be fed by the attached flanges. These are matters 
that will require further research in the case of light 
metal castings. Because of these uncertainties, each 
flange was to have two risers to assure that feeding 
was adequate. With the extra riser, it should then be 
possible to feed both the one in. and the 1)4-in. 
thick flange adequately. 

The second riser was placed on top of each flange. 
These risers were necked down where they contacted 
the flanges to insulate them thermally from the cast- 
ing and to minimize under-riser porosity.® 


Feeding the Barrel 


The body of the casting (Fig. 5) consists of a 
barrel about 314-in. long attached at right angles to 
a 12 in. long barrel. The outside diameter of the 
short barrel is 4 in., that of the long barrel is 6 in. 
Since both barrels have a wall thickness of one in., 
the maximum feeding distance without using chills 
would be about 4T or 4 in. for sections which are 
approximately vertical and 5T or 5 in. for sections 
which are approximately horizontal. The feeding dis- 
tance in both planes can be extended to a maximum 
of about 8T or 8 in. by the use of tapered wedge 
chills. It can be limited, however, to some inter- 
mediate value between 4T and 8T by using tapered 
wedge chills having a length equal to the desired 
feeding distance. 

The tapered wedge chills, which are simulated with 
spot chills, may be placed in the drag half of the mold 
along the length of the barrels. This arrangement 
assures that the bottom portion of each barrel will 
be fed to soundness by the strong thermal gradients 
that are established in the circumferential direction. 

Such chills extend for a distance of 4 in. on the 
circumference on each side of the short barrel and 
for a distance of 7 in. on each side of the long barrel. 
The spot chills representing the wide end of the 
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tapered wedge chills should be one in. thick to equal 
the thickness of the barrel section. Those that repre- 
sent the small end of the tapered wedge chills should 
be Y4-in. thick to equal half the thickness of the 
barrel section. The small end of the chills should be 
located just above the parting line to assure that 
slightly more than the bottom half of the barrels will 
be completely fed. The upper half of the barrels 
could be fed with a top riser. This manner of feeding 
would be preferred over that of using chills on the 
upper half because the chills would not provide com- 
plete soundness and the casting is likely to show hot 
tears. 

A double row of 4 in. long chills along the short 
barrel would give a feeding distance of 8 in. in the 
circumferential direction. Since the circumference of 
the barrel is 1214-in., 414-in. of the circumference 
would need to be fed by a top riser. Later it will 
be shown that this can be accomplished by a top 
riser on the one in. thick flange. 

A double row of 7 in. long chills along the long 
barrel would give a feeding distance of 14 in. in the 
circumferential direction. Since the circumference of 
the long barrel is about 19 in., 5 in. of the cir- 
cumference would need to be fed by a top riser. 
The calculations for the dimensions of this top riser 
are given in a later section. 


DETERMINING RISER DIMENSIONS 


Side Risers on the Flanges 


The height of the cope would determine the height 
of open risers attached to the casting. A copé section 
10 in. high was used for determining the dimensions 
of the risers. Since the volume of each side riser is 
known and its height is determined by the cope height, 
its diameter can be calculated. The results are given 
below for the side risers on each flange. 





Dimensions of 


Identity of Flange , Saf 
Side Riser, in. 








by Thickness, Riser Volume, 
in. cu in. Height Diameter 
1 15 10 1% 
1% 38 10 214 
2 90 10 33% 





These risers have ratios of height to diameter that 
would make them inefficient. To correct this, the 
diameter of the side risers on the 114- and 2 in. thick 
flanges may be increased to 3 in. and 334-in., respec- 
tively. Each of these risers would then have a volume 
sufficient to feed the one in. thick flange as well. 


Top Risers on the Flanges 


Top risers on the flanges are essential to augment 
the side risers and to assist in feeding the sections 
of the barrels that are not chilled. These sections 
would be fed from the top portion of the flanges, 
which then establishes the shape factor. It is neces- 


sary to obtain the volume of the top portion of th 
flanges and the volume of the portion of the barre! 
that will be completely fed from the flanges. Ca! 
culations for the volume of the top riser on th 
three flanges may be made as follows. 

The dimensions of that portion of each flang 
feeding into the unchilled barrel sections of ‘the cas: 
ing must first be determined. The unchilled sectio 
of the short barrel was shown earlier to cover 
circumferential distance of 414-in. For the long barre 
this distance was 5 in. The portion of each flang: 
contributing to the feeding of the barrels is tha 
which is contiguous with and extends above the un 
chilled sections of the barrel. The volume of this 
portion of a flange can be calculated precisely by 
trigonometry; however, a scale drawing can often be 
used more conveniently. In such a drawing, the hori 
zontal lines that would be drawn across the face o! 
the flanges when these lines are in the same plan¢ 
separating the unchilled portions of the barrels from 
the chilled portions would have the following maxi- 
mum lengths: 


514-in. for the one in. thick flange. 
7l4-in. for the 114-in. thick flange. 
9 in. for the 2 in. thick flange. 


The distances from the top of the flanges to these 
horizontal lines would be approximately 2, 2 and 3 in. 
for the 1, 114- and 2 in. thick flanges, respectively. 
Multiplying these two dimensions for each flange by 
the flange thickness gives a value for the volume of 
a section somewhat greater than the actual volume 
of the section of the flange. It can be considered, 
however, as the approximate volume of the section 
of each flange that contributes to the feeding of the 
adjoining unchilled portion of the barrel. The vol- 
umes computed in this manner are as follows: 


For the one in. thick flange, 51% x 
2x1=11 cu in. 

For the 114-in. thick flange, 714 x 
2x 114 = 22 cu in. 

For the 2 in. thick flange, 9 x 3 x 2 
= 54 cu in. 


Although a horizontal one in. thick section, such 
as the upper portion of the barrel, can be fed by a 
side riser for a distance of 5T or 5 in., the feeding 
distance is decreased when the riser must feed through 
an adjoining thicker section such as the flange. For 
lack of specific data, it is assumed that the feeding 
distance would be reduced to 314 2T or 314-in. Pre- 
viously the width of the unchilled area on the top of 
the short barrel was given as 414-in. and that for 
the long barrel as 5 in. Thus, the volume for the 
portion of the barrel that will be fed through the 
upper portion of the adjoining flange would be as 
follows: 


Through the one in. thick flange, 
34 x 444 x 1 = 16 cu in. 





~~ =S -— — — 








Through the 114-in. thick flange, 
84% x5x1= 17 cu. in. 

Through the 2 in. thick flange, 
8%x5x1=17 cu in. 


By combining the volume of the portion of the 
barrel that is fed through the flange with the volume 
of the portion of the flange that is contributing to 
the feeding, the following values for C, can be 
obtained for calculating the size of riser to be added 
to the top of each flange. 


For the end of the barrel that has the one in. 
thick flange: C, = 11 + 16 = 27 cu in. 

For the end of the barrel that has the 114-in. 
thick flange, C. = 22 + 17 = 38 cu in. 

For the end of the barrel that has the 2 in. 
thick flange, C, = 54 + 17 = 71 cu in. 


The shape factor is determined by the dimensions 
of the thicker of the two adjoining sections.2 Because 
the flanges have the greatest thickness, the sections 
of the flanges that contribute to the feeding of the 
unchilled sections of the barrels determine the shape 
factors. Values for the shape factors become 


+ 
tad = me = 7% for the one in. thick flange. 











T 
oT ae = 6% for the 114-in. thick flange. 
T ly 
L — ae : 5 — 6 for the 2 in. thick flange. 


From Fig. 2, the R,/C, ratios would then be 


0.55 for the one in. thick flange. 
0.60 for the 114-in. thick flange. 
0.62 for the 2 in. thick flange. 


Using these values, the volume of the top risers 
would be 


R, = 0.55 x C, = 0.55x 27 = 15 qu in., for 
the one in. thick flange. 

R, = 0.60 x C, = 0.60 x 38 = 23 cu in., for 
the 114-in. thick flange. 

R, = 0.62 x C, = 0.62 x 71 = 44 cu in., for 
the 2 in. thick flange. 


The height of the risers would be determined by 
the difference between the height of the cope and 
the height of the flanges above the parting line of 
the mold. It was assumed the cope would be 10 in. 
high. On that basis, the final dimensions of the top 
risers are given below to the closest 14-in. 





Dimension of 








Flange Volume _— 
Thickness, of Top Riser, Top Riser, in. 
in. cu. in. Height Length Width 
l 15 7 2 1 
1% 23 6 3 1% 
2 “. 5 4 2 





To avoid a hot spot at the junction of the flange and 
riser, it is feasible to undercut the riser somewhat 
where it attaches to the flange. For the experimental 
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casting, these reduced sections represented 60 per cent 
of the cross-sectional area of the risers. 


Top Riser on the Long Barrel 


The short barrel has a length of 314-in. It was 
shown in the previous section that the unchilled por- 
tion of this barrel could be fed a distance of 314T or 
314-in. through its flange and top riser. Therefore, the 
short barrel should require no additional source of 
feed metal. 

Feeding in the unchilled portion of the longer 
barrel would extend for a distance of 314T or 314-in. 
from each of its two flanges. Since the barrel is 12 in. 
long, there is a distance of 5 in. in the center that 
cannot be fed from the flanges. A top riser must, 
therefore, be used to complete the feeding. A top 
riser on a horizontal plate one in. thick has a feeding 
range of 5T or 5 in. Because this feeding range is in 
all directions from the riser, a top riser is more than 
adequate to provide the necessary metal. 

It was established above that the top riser would 
be required to feed an area measuring 5 by 5 in. The 
shape factor for the area would be 

L+W_ 5+5 
- ilnghee: bea his 
From Fig. 2, the R,/C, ratio would be 0.5. Since the 
volume of the section that is to be fed by the top 
riser is 25 cu in. (1x5x5), the volume of the riser 
would be 


R, =C, X 0.5 = 25 X 0.5 = 124% cu in. 


Because the top of the barrel is 3 in. above the 
parting line and the cope of the mold is 10 in. high, 
the height of the riser would be 7 in. A riser 7 in. 
high having a volume of 1214-cu in. would have a 
diameter of 114-in. Obviously, the riser would be 
too tall for its diameter for efficient feeding. To 
increase the efficiency of the riser, it would be well 
to increase its diameter to 2l44-in. Again, to avoid a 
hot spot, the riser can be undercut somewhat where 
it joins the casting. 





Gating System 


The decision to use side risers on the flanges of 
the casting immediately established the fact that gates 
should be attached to these risers. A gating system11-13 
with an area ratio of the sprue-to-runner-to-gate of 
1:2:2 should suffice. The essential features of the 
gating system would be as follows: 


1) A tapered sprue 10 in. long with a top diameter 
of one in. and a bottom diameter of 34-in. 

2) A well at the base of the sprue having a diameter 
of 134-in. and a depth of 23,-in. 

3) Two runners connected to the well, each runner 
measuring one by one in. 

4) Gates that are 2 in. wide by 14-in. deep. 

5) Runners which extend beyond the gates. 

6) Runners and gates that curve gradually where there 
is a change in direction. 

7) Runners located in the drag and gates located in 
the cope. 











BASIC OXYGEN STEELMAKING 


Its possible future in the steel foundry 


by F. E. Van Voris and John Crane 


ABSTRACT 

The rapid rise of basic oxygen steelmaking in the 
wrought steel industry has led to an analysis of its 
possible future in the stee] foundry. While this process 
has made a wide range of carbon and low-alloy wrought 
steels, it has not yet been ,used for steel castings. 
Operating, metallurgical and estimated cost comparisons 
have been made for a basic cupola oxygen furnace 
shop vs. an arc furnace installation. Here, costs, operat- 
ing and metallurgical flexibility are in favor of the 
arc furnace, but an oxygen furnace installation may 
offer interesting possibilities. Of necessity, this study 
was limited, so that further analyses on a specific basis 
is indicated. The final answers as to the practicality 
of oxygen steelmaking for castings remains with the 
steel foundry operators. 


INTRODUCTION 


It has been almost a century since any process 
has taken the steel industry by such a storm as has 
basic oxygen steelmaking. In six short years, over 
5,600,000 tons of annual capacity have been installed 
in North America. More oxygen steelmaking plants 
are now being built, and every major steel producer 
in this country has given careful study to this process. 

Debenham! recently showed the rapid growth of 
oxygen steelmaking when he plotted the rise and fall 
of various steelmaking processes in the United States, 
shown in Fig. 1. It is interesting to trace the growth 
and decline of both the Bessemer and the crucible 
processes. These methods have been replaced by the 
open hearth and electric furnaces, which now ac- 
count for 96 per cent of the annual production. It 
is apparent that these two processes are today be- 
ing .challenged by the rapidly rising production of 
basic oxygen steelmaking. About 42 per cent of the 
1959 increase in United States capacity was in basic 
oxygen steel. Table 1 shows the present and planned 
capacity of steel companies in the United States and 
Canada.?.8 

Why all the excitement over oxygen steelmaking? 
First, the oxygen furnace can make steel faster than 
any process now known. When molten pig iron is al- 


ready available, capital and operating costs are low. . 


Finally, it has been proven that high quality steels 
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can be produced that are low in phosphorus, sulfur, 
nitrogen and hydrogen. 

Many foundrymen have undoubtedly been asking: 
Does this process have a place in the steel foundry? 
Does it have the necessary flexibility? Will it produce 
steel for high quality castings? How do operating 
and capital costs in foundry-size units compare with 
existing melting processes? This paper will describe 
oxygen steelmaking, and attempt to answer the fore- 
going questions. 


BASIC OXYGEN STEELMAKING 


Fundamentals 

The basic oxygen process is a top-blown modifica- 
tion of the pneumatic converter invented by Besse- 
mer of England and Kelly of the United States. The 
bottom-blown Bessemer had its shortcomings. It could 
not remove phosphorus or sulfur, and the air used 
contained large quantities of nitrogen. The nitrogen 
acted as a coolent and went for a “free ride,” thus 
removing heat from the reaction zone and raising 
the nitrogen content of the steel to undesirable 
levels for some applications. 

The basic oxygen process uses industrially-pure ox- 
ygen instead of air. Top blowing with a water-cooled 
lance is used, because at the higher temperatures 


INGOT TONS 


ELECTRIC 
7 





YEAR 


Fig. 1— Annual steel production for indicated process 
showing rapid growth of oxygen steelmaking.! 
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TABLE 1— PRESENT AND ANNOUNCED OXYGEN STEEL CAPACITY UNITED STATES AND CANADA?.3 














Nominal 
Furnace 
No. of Capacity, Est. Heat Wt. Annual Date 
Company Location Furnaces Net Tons Net Tons Capacity Start Up 
Acme Steel Riverdale, Il. 2 65 60 452,000 June 1959 
Colo. Fuel & Iron Pueblo, Colo. 2 60 60 _ Early 1961 
Jones & Laughlin Aliquippa, Pa. 2 65 95 880,000 Dec. 1957 
Cleveland 2 180 200 _ 1961 Estimated 
Kaiser Steel Fontana, Calif. 8 65 108 1,440,000 Dec. 1958 
McLouth Steel Trenton, Mich. 3 40 55 _ Dec. 1954 
2 90 100 1,385,400 April 1959 
1 100 _ 1960 Estimated 
2.8%, of total United States capacity 1960 — 4,157,000 
Algoma Steel Sault Ste. Marie, Ont. 2 65 100 600,000 Dec. 1958 
Dofasco Hamilton, Ont. 2 40 _ 840,000 Oct. 1954 
1 65 _ Dec. 1956 


21.5% of total Canadian capacity 1960 — 1,440,000 





reached it is not possible to blow oxygen through 
bottom tuyeres without excessive refractory damage. 
In the basic oxygen process, a violent boil coupled 
with the force of the oxygen blast pushes the metal 
and slag up the sides of the furnace. This protects 
the refractories from the intense heat radiated from 
the point of oxygen impingement. Thus, refractory 
consumption is quite low, varying from 12 to 20 
lb/ton of steel produced. Bottom wear is also low, 
only 2 or 3 in./campaign of 150 heats. 


Furnace Design 


Figure 2 shows a schematic drawing of a basic oxy- 
gen furnace together with the oxygen lance.* The 
furnace is a refractory-lined vessel mounted on trun- 
nions to permit tilting. It has a 14- to 21-ft outside 
diameter and is 25 to 35 ft high. The solid bottom 
vessel is made of 2 in. steel plates with a 4 in. perma- 
nent lining of magnesite brick. On top of the per- 
manent lining is a working lining consisting of a 
rammed layer of tar-dolomite mix and from 14 to 22 
in. of tar-dolomite brick. The process uses high purity 
oxygen (99.5 per cent pure) supplied through a 
long water cooled, copper-tipped lance, shown in 
Fig. 2. 

Since the slag foams during most of the blow, 
proper furnace design, blowing rate and fluxing are 
necessary to keep the furnace from slopping. In fur- 
nace design it is necessary to maintain a volume of 
about 25 cu ft/ton of charge. The furnace seems to 
be insensitive to bath depth if kept between 35 and 
65 in. 


Plant Layout 


Figure 3 shows a cross-section of a new basic ox- 
ygen steel plant designed for ingot production. The 
aisles from right to left are for 1) ingot pouring and 
slag disposal, 2) furnace operations, 3) charging and 
4) dust collection. 

Iron oxide is produced at the high temperatures 
in the reaction zone of the furnace. Loss in yield is 
relatively small (1.0 per cent), but the fume is so 
finely divided that it was of serious concern from an 


air pollution viewpoint. However, adequate econom- 
ical gas washing and cleaning equipment have been 
incorporated into the design. Now the fume problem 
is absent and the process meets the most stringent 
air pollution codes. 


Operations 

After charging with scrap and hot metal the fur- 
nace is positioned vertically, and the lance is lowered 
into the center of the furnace to a point 5 ft above the 
metal bath and clamped into position. Oxygen at 150 
psi gage pressure, and at the rate of about 100 
cu ft/min/ton of charge, is blown into the bath. The 
hot metal contains carbon and silicon, which react 
with oxygen to supply the major portion of the ther- 
mal requirements of the process. Oxygen steelmaking 
can consume up to 30 per cent scrap in the charge, 
which is much more scrap than can be consumed 
in the Bessemer, Thomas or the Tropenas side-blown 
converter. 

Oxygen is transferred to the metal by direct im- 
pingement and slag reaction. About one min after the 
oxygen is turned on, lime and fluxes are added to the 
bath by means of an overhead chute. These ma- 
terials form a fluid slag that removes silicon, phos- 
phorus, manganese and sulfur early in the blow. 
Figure 4 taken from Cuscoleca* shows the progress 
in removing metalloids during the course of the heat. 
Late in the blow, as the bath temperature increases, 
some manganese reversion from slag to metal occurs. 


In basic oxygen steelmaking, slag-metal reactions 
take place rapidly because of the high oxygen input 
rate, high temperature and the constant mixing of 
slag and metal. The reaction rates are much faster 
than those in the open hearth or electric furnace. 
Blowing time depends on oxygen flow rate, varying 
from 20 to 30 min. Short blowing times are generally 
obtained with the highest rate of oxygen flow pos- 
sible without blowing metal out of the furnace. This 
rate is now thought to be 100 cu ft of oxygen/min/ 
net ton of charge, with present lance désign. 

Since this rate is generally approached, blowing 
times have been almost constant regardless of the 
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Fig. 2— Schematic drawings showing three different 
phases in basic oxygen furnace operation: with oxygen 
lance inserted,4 during blowing operation and during 
tapping operation. 
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Fig. 3 — Cross-section of a basic oxygen steel 
plant designed for ingot production. 


size of the heat. So, a 6 ton foundry-size furnace be- 
ing blown at the rate of 700 cu ft of oxygen/min can 
make steel in the same length of time as a large unit 
blowing at 10 to 15 times this rate. 


High Carbon Steel 

While a major portion of oxygen steel production 
in the wrought steel industry is devoted to low car- 
bon steelmaking, some tonnage of high carbon and 
low alloy steels has been made both here and in 
Europe. High carbon steels are made by catching 
the carbon on the way down. This is done by meas- 
uring the blowing time and oxygen consumption, to- 
gether with visual observation. Carbon can generally 
be caught within 10 points of the desired* analysis. 
When the proper tapping carbon is approached, the 
oxygen is shut off and the lance withdrawn. 

With the furnace tilted, the bath is sampled and 
the temperature is measured with a platinum ther- 
mocouple. Temperatures above 3200 F can easily be 
obtained by limiting the amount of scrap in the 
charge. Final temperature adjustments can be made 
by additional blowing or adding light scrap. 

After a thermocouple measurement, a rapid carbon 
analysis is run by means of a carbometer or a high 
speed carbon induction furnace in less than five min. 
Carbon content can also be further lowered by addi- 
tional blowing. When the temperature and the car- 
bon are correct, the furnace is tilted for tapping. 
Generally, alloys and recarburizers are then added 
to the ladle. In making alloy steels, large alloy ad- 
ditions can be made in the furnace. 

Total time from tap to tap runs between 40 min 
and one hr, and is rapidly being improved in pro- 


duction shops as experience is gained. Large furnaces 
with 80- to 100-ton heats are running at a rate of 100 
tons/hr. Foundry-size furnaces can easily make one 
heat/hr. 


Metallurgy 


About 90 per cent of the charged phosphorus, 75 
per cent of the manganese and 40 per cent of the 
sulfur are removed during refining. A typical hot 


Ses to 





BLOWING TIME 


Fig. 4— Removing metalloids during the course of the 
heat. Late in the blow, as bath temperature increases, 
some manganese reversion from slag to metal occurs.‘ 
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metal, steel and slag analysis for an operation using 
blast-furnace pig iron is shown in Table 2. 


TABLE 2—BASIC OXYGEN STEELS 
Typical Analysis, % 














Cc Mn P ~ si N 
Hot Metal 42 085 0120 008 105 — 
Steel 0.09 0.20 0.010 0.020 _— 0.003 
CaO «SiG, FeO P.O; MnO MgO 
Slag 530 165 175 18 75. 25 





The slag-metal equilibria for these elements are 
somewhat similar to those found in the electric fur- 
nace under oxidizing slags. However, there are some 


operating differences between these processes in the 


foundry that affect removal of these elements. 


1) Manganese. Residuals will be somewhat lower 
than in the single-slag arc furnace. 


2) Phosphorus. The oxygen furnace will remove 
phosphorus somewhat more effectively than the 
single-slag electric furnace having equal slag vol- 
umes. In Europe where high-phosphorus pig iron 
is common, effective phosphorus removal is ob- 
tained with a two-slag process together with blow- 
ing powdered lime through the oxygen lance early 
in the heat. 


3) Sulfur. The oxygen furnace can remove more 
sulfur than the open hearth or single-slag electric 
furnace because of its more intimate mixing and 
the absence of sulfur-bearing fuels. 


4) Nitrogen. The oxygen furnace produces steels 
having low nitrogen contents (0.003 per cent). 


5) Oxygen. Residual oxygen in basic oxygen steels 
varies with carbon content, the same as other ox- 
idizing processes. Using a tap hole, the oxygen fur- 
nace tap is relatively free of slag. This results in 
higher alloy recovery in the ladle. There is also 
less tendency toward manganese fading because of 
the smaller slag volume on the ladle. 


6) Hydrogen. Oxygen furnace steels reportedly have 
low hydrogen contents, probably because of the 
more active boil. 


Steel Quality 


In the wrought steel industry, the oxygen furnace 
has made a wide range of carbon steels (0.05 to 1.05 
per cent carbon). These steels have been applied sat- 
isfactorily on severe forging and upsetting applica- 
tions. Constructional alloy steels up to 1.50 per cent 
chromium have also been made satisfactorily on a 
production basis, but in limited quantities. Except 
for an occasional experiment in Europe, no high 
alloy heats have been made in the oxygen furnace. 
According to Benton® the quality of low, medium, 
and high carbon wrought steels made in the oxygen 
furnace has been equal or better than similar grades 
made in the open hearth at Algoma Steel Corp., Ltd. 


So far, there has been no indication of any carbon 


or low alloy steel castings having been made by tl 
oxygen process. 


BASIC OXYGEN STEEL IN THE FOUNDRY 

The present foundry steelmaking trends are t 
ward 1) the basic hearth to make steels of low: 
phosphorus and sulfur contents, thus obtainin 
higher impact properties and 2) the use of electri 
arc furnaces, because of its economy plus operation: 
and metallurgical flexibility. Although the oxyge:: 
process has yet to be proved in the foundry, on 
might speculate that it might be used successful] 
to produce carbon and low alloy steel castings. A 
such, it might be used by one of the following stee: 
foundries: 


1) The steel foundry who would utilize the basic 
water-cooled cupola to supply molten iron to the 
basic oxygen furnace. This combination has been 
installed by the Acme Steel Co. in Riverdale, II. 

2) A steel foundry situated in close proximity to a 
blast furnace, might obtain an economical sup- 
ply of molten pig iron from the blast furnace and 
oxygen from the steel company. This could be a 
complex arrangement. 

3) The steel foundry inside an integrated steel com- 
pany having an excess of molten pig iron and low 
cost tonnage oxygen available from its large oxy- 
gen plant. 


Since most foundries are not located in or next to a 
steel plant, the following discussion will involve only 
the foundry outlined in (1). A cupola-converter op- 
eration is not new. A substantial tonnage of cast steel 
was made in Tropenas converters during World War 
2. Difficulties with desulfurization of acid-cupola hot 
metal coupled with metallurgical and economic prob- 
lems in the acid converter operation led to the proc- 
ess’ decline. Desulfurization problems are minimized 
with the use of basic water-cooled cupolas which can 
produce low sulfur hot metal. Also, the basic oxygen 
furnace is a much improved thermal and metallur- 
gical unit when compared to the Tropenas con- 
verter. 

To determine the usefulness of this new process, it 
will be necessary to compare a hypothetical com- 
bined basic water-cooled cupola oxygen furnace 
foundry with a basic single-slag electric furnace shop. 
Such a comparison should include operation and 
metallurgical aspects as well as capital, material and 
operating costs. Among the assumptions made for 
this hypothetical foundry were: 


Location: Philadelphia to fix prices for 
raw materials. 

Production: 100 tons of steel/day. 

Operation: 2 shifts, 16 hr, 250 days/year. 


Annual Output: 25,000 tons of steel or 12,500 
tons of castings (50% casting 
yield). 


Further, it was assumed that all necessary build- 
ings, crane runways and ladle cranes were in place be- 
fore the melting equipment and auxiliaries were in- 
stalled. 











It should be further noted that the basis for this 
ymparison is grade B carbon steel castings. Also that 
1e cupola-oxygen furnace is compared only with the 
<iectric arc furnace because it is the predominant 
ielting unit used in the foundry. 


Operating Comparison 

Tables 3 and 4 show the melting units selected, 
together with a listing of direct labor required. In 
order that the oxygen and electric furnace shops 
might have comparable flexibility, two arc furnaces 
(4 and 6 tons) and one oxygen furnace (5 tons) 
were chosen. Heat weights were larger than nom- 
inal capacity —a practice normal to the industry. In 
addition, the oxygen furnace shop was provided with 
a spare oxygen furnace shell. Naturally, instead of the 
two arc furnace shop, a single arc furnace could have 
been used at some savings in capital and operating 
costs. However, such an operation would not have 
had the flexibility of the two furnace shop (too large 
a heat size). 

The advantages of the arc furnace operation are: 


1) It is a proved process. Foundry operators are fa- 
miliar with this melting unit and no new skills are 
required for its operation. 


2) This furnace provides ease of shutdown and start- 
up. 

3) Good temperature control methods are well es- 
tablished. 

4) Alloy elements can be recovered from scrap. 

5) All ranges of carbon and alloy steels can be made, 


including high alloy grades such as stainless and 
heat-resistant castings. 


The advantages of the cupola-oxygen furnace might 
be: 


1) Small heats (3 to 8 tons) rapidly made could pro- 
vide a more continuous flow of steel to the cast- 
ing floor, This may be advantageous to the high 
volume production foundry. 


2) This foundry could operate at hours of its choice 
and would not be restricted to off-peak power. 


TABLE 3— HYPOTHETICAL STEEL FOUNDRIES 





Net tons of steel per day ............+.+000 100 
oe gL PP TRTEEEP ETS ere 16 
Net tons of steel per year ......... av. Neneeeed 25,000 
Net tons of castings per year ..............4.° “12,500 


Basic Electric (Single Slag) Shop 
Heat-Weight, Time No. Heats 
Nom. Furnace Capacity _ tons Tap-Tap Day Tons 





One 6 ton 9 ft dia. shell 9.0 2:17 7 63 
One 4 ton 8 ft dia. shell 5.3 2:17 7 $7 
100 
Cupola Oxygen Shop 
One 60 in. dia. 
basic cupola 16 hr operationa _ 100 
One 5-ton 
oxygen furnaces 6.25tons 1:00 16 100 


A) Banked on downturn. Bottom dropped. once a week. 
B) Additional spare shell provided. 





761 


TABLE 4— OPERATING FORCE 
Operation Man per Shift 
ee een a eer ro eee 2 operators 


1 helper 


1 charge crane operator 
charge makeup man 


CRG 5 2 css teil 50k Seer ents ddope 1 charge crane operator 
charge makeup man? 
cupola operator 
helper 


Cage PANG soon. ois Paces bees 1 operator 
2 helperst 


C) Cupola hot metal will be handled by pit crane. 

D) Also makes charges for oxygen furnace. 

E) Will operate floor control crane for charging scrap to oxy- 
gen furnace and flux handling. 








— 


—— 





3) Intermittant operations could be maintained by 
keeping the furnace hot with a simple gas burner 
during period of shutdown. 


4) By adjusting the analyses, the cupola can make 
gray and ductile iron as well as hot metal for steel 
refining. 


The main disadvantages of the basic cupola-oxygen 
operation is that its use in the foundry is not proved 
and new operating skills would be required. 


Metallurgical Comparison 


The final steel analysis for grade B steel pro- 
duced in a single-slag electric furnace and basic cu- 
pola-oxygen furnace shop are shown in Table 5. 


TABLE 5 





Analysis, % 
Operation Cc Mn A S Si N 


Single-Slag Basic Electric 0.25 0.70 0.015 0.015 0.40 0.007 
Water-cooled Cupola* 4.00 0.50 0.100 0.030 020 — 
Basic Oxygen Steel* 0.25 0.70 0.008 0.015 0.40 0.003 


*Based on Acme Steel Co. operations. 











The table shows that basic oxygen steel can be 
equally as low in phosphorus and sulfur and sub- 
stantially lower in nitrogen than a single-slag basic 
electric practice operated on low phosphorus scrap. 


COST COMPARISON 


Capital Costs 


Table 6 shows the comparative capital costs for the 
melting equipment installed in the two comparative 
hypothetical foundries. Prices for the equipment 
were obtained from reputable suppliers and reviewed 
with consulting engineers. With the exception of the 
oxygen furnace, these data were cross-checked with 
the cost of the new existing installations. On the ba- 
sis of these estimated figures, the capital costs for the 
melting equipment of these two foundries favor the 
arc-furnace by $2.60/annual ton. 

It must be noted that no detailed engineering de- 
sign was made and that these estimates do not in- 
clude buildings, building foundations, ladles, ladle 











TABLE 6—CAPITAL COSTS* MELTING EQUIPMENT INSTALLED 





Electric Arc Furnace and Auxiliaries!,2 Cost, § 
One 6 ton furnace, 9 ft dia., 4000 kva Transformer, wiring, foundation, lining. ........ 2.0.0... occ cee eee eee 210,069 
One 4 ton furnace, 8 ft dia., 2500 kva Transformer, wiring, foundation, lining. ......... 0.0.0... ccc eee eee eee 165,009 
Charge Makeup: crane, scale car, buckets. ........... RT SARE SURETY TT Poe R EOL ey A ote Pete eka Smit ss Mate 85,01 
NU IN, 5 Praia UE A Ralee sity d lew hos 4 POS ead a seid g V4 CORSO Ss.Ss Cate cvsica a omnes Leben Evew hele’ OWE OLN 46.000) 
ON, «5's. HEFE tae Fs eed 506 ,0( 
Cupola and Auxiliaries? 
Ce Gp me weper-cmeee cumin, Seneepernen, Sommerer, Meni, so Se wh cc bene cece pasessenetosenesesctiues 17,0 
Charging: 7.5 ton 60 ft span crane, magnet, clam shell, trimming, bins, 
NN on Vwi eh Od Sv mnw eg ed 6) CEM DS 26 pp dae AMR Oe LENE ode Useapiee 129,060 
a dE yo Sia ik he yp cue eb acusuicce ard ¢ «eye Ghaln da Ad 0 0's's be 8% pie bid Od cies 4g eee whakd kine od Ge eames 40,000 
ASS eae ae kk ue ehdise de 0,0 alee # aruaa bieidie e's. 0-0¥ibSmpgaus digipelein sUicnw folie d éDentemuaees 52,500 
gla Oe Cee a een aN cat siod tes aln.cs ap Adar nre-qclet ads bcne bbs sep dewhwed aban ste shod ieee vee Tae 23,85: 
i es ae ye eee Perey e 262,3 
Oxygen Furnace and Auxiliaries 
One 5 ton furnace, foundation, stand, all raw material handling, lining and spare shell. ...............62.0 00 eeceeeeeeeeeeees 77,600 
eee eenant, Gener: Geetraes, samneee CO), Mie EAMG RONG... ow oni eins eee ccc cle wmie ste tae ce ee weeds cpm sem emdiew 60,000 
ss cos blo wok aan ods bites cies oust oes de énde cu eneqgeseqpubage gustan dette anes 142,000 
ee eg Ce UMM RE OSL A GD al nd ip cn Gc nia de abv nd oes 0's  Sireie’y Oba Swenes ant cOSES bhnamak os cokast 27,960 
RS 3 Star ss ooacaendsft55 307,560 
PEND ORIEN edo a9", bo a nlQOk fa ald anys Ces see ow seuweRseeheae obs vc eckccase dee it er edec Sik s uk takes ee 569,910 


*Does not include buildings, building foundations, crane runways, ladles, ladle cranes or engineering costs. 
1) Does not include cost of bringing power from transmission line or dust collection. 
2) Optional fume control equipment not included. 





transfer cars, casting cranes or engineering charges. 
Further, it is assumed that the casting floor crane 
would handle the hot metal from the cupola to 
$22.80 the oxygen furnace. The comparative capital costs/ 
annual ton of steel melted are shown graphically 








in Fig. 5. These costs are higher than shown for the 
Se foundry. 
: ee: ‘ Fig. 5—Estimated Material Costs 
=— (4 capital costs of The cost of the metallics/ton of hot metal or steel 
es oe melting equipment A “ 

“Ss Sat the ehscteic fur- produced is shown on Table 7 for the electric fur- 
< nace (left) and nace, cupola and oxygen furnace. For purchased 
= the cupola oxygen materials, Philadelphia scrap, iron and raw material 
o furnace (right). , 
= prices (as of March 15, 1960) were used. An average 
~ of 50 per cent yield of finished castings was assumed 














so that 50 per cent return scrap was available from 
ELECTRIC CUPOLA- the casting floor to either melting operation. Since 


FURNACE OXYGEN FURNACE the amount of return scrap was identical in both 
cases, the cost was pegged at $38.00/net ton. Also pit 


and ladle scrap (2 per cent) was pegged at $20.00/ 
net ton. 


TABLE 7— COST OF METALLIC CHARGE 

















Electric Furnace Cupola Oxygen Furnace 
. Unit Cost! Per Ton Steel Per Ton Hot Metal Per Ton Steel 
Material Net Ton, $ Lb Cost, $ Lb Cost, $ Lb Cost, $ 
Return Foundry Scrap 38.00 1000 19.00 760 14.44 240 4.56 
Pit Scrap 20.00 40 0.40 40 0.40 _ _— 
Pig Iron 59.00 80 2.36 — — _ _ 
Low-P Punchings-Plate 38.00 740 14.06 _ _— _ — 
Elec. Furnace Bundles 35.80 300 5.37 _ —_ — _ 
Cast Iron Scrap 37.50 — — 200 3.75 —_ — 
Cast Iron Briquets 25.00 _ — 140 1.75 _ —_ 
No. | Melting Scrap $2.10 _ —_ 860 13.80 _ _ 
Hot Metal 41.942 _ _ _ - 2000 41.91 
Totals 2160 41.19 2000 $4.14 2240 46.47 
SONU ons 6 - hn 40S Aone eae on 93 100 89 


1) March 15, 1960 Philadelphia delivered prices. 
2) Cost of metallics plus cost above for cupola operation. 
























TABLE 8— OPERATING COST ABOVE* METALLIC CHARGE — COMBINED COST 

















Unit Cost, Electric Furnace Cupola Oxygen Furnace 
irem $ Amt./ton Cost/ton, $ Amt./ton Cost/ton, $ Amt./ton Cost/ton, $ 
Coke 25.50/ton* a ca $20 Ib* 4.08 = _ 
Fluxes limestone 4.00/ton — — 150 Ib” 0.30 aa — 

burntlime 20.00/ton 70 Ib 0.70 ~~ _ 100 Ib 1.00 
fluorspar 50.00/ton 3.5 lb 0.09 _ _- 10 1b 0.25 
gravel 4.00/ton _ _ _— _ 10 Ib 0.02 
scale 20 00/ton —_ — — _ 26 Ib 0.26 
Direct labor 3.30 E.F.-Oo 0.8M.H. 2.64 oo — 0.48 M.H. 1.58 
3.00 Cupola _ _ 0.64 M.H. 1.92 _ - 
Power 0.010 kwh 510 kwh 5.10 16.7 kwh 0.17 12.5 kwh 0.13 
Electrodes 0.29 Ib 8.8 Ib 2.55 — -: a a 
Oxygen 0.30/100 cu ft 150 cu ft 0.45 — _— 1600 cu ft 4.80 
Refractory Repair - _ 0.55 - _ — 0.10 
Refractory Rebuild _ _ 1.40 _ 0.50 25 Ib 1.87 
Mech.-Elect. Main..- 

Misc. Equip. _ — 1.25 —_ 0.50 _- 0.77 
Blast Preheat, fuel, water _— = 0.15 — 0.30 — 0.30 
Alloys-ferromanganese 0.154/lb 6.2 1b 0.96 _ _ 10 1b 1.54 

Cost Above Metallic 15.84 7.77 12.62 
Metallic Cost Per Ton, $ 41.19 $4.14 46.47 
Total Cost Metallic Plus 

Cost Above Per Ton, $ 57.08 41.91 59.09 








*Does not include: general works expense, fringes, amortization, interest, insurance, taxes, indirect labor, supervision, laboratory, or 


casting costs. 


a) 50°% Foundry Coke at $31 per net ton and 50% Furnace Coke at $20 per net ton. 


b) Dolomitic Stone (10-12% MgO Slags) used for slag fluidity. 





For the cupola, a 100 per cent scrap charge was 
chosen, as suggested by Rehder® and other basic 
cupola operators. Because of the wide gap between 
pig iron and scrap prices, a scrap charge allows sav- 
ings in.material costs. About 17 per cent cast iron 
scrap was used to supply silicon. The balance of the 
charge was made up of steel scrap. With increased 
pig iron production in existing blast furnaces and the 
installation of basic oxygen furnaces in the wrought 
steel industry, it is assumed that scrap prices will not 
rise rapidly within the foreseeable future. The cost 
of hot metal for the oxygen furnace charge shown 
in Table 7 includes the metallic burden charge cost 
together with estimated operating costs. 

The economics of these operations will, of course, 
depend on yield. A 93 per cent yield was used for the 
electric furnace operation which is about an aver- 
age of a single-slag process. The overall yield of the 
cupola oxygen process used is 89 per cent.-This fig- 
ure is based on a yield of 100 per cent for cupola 
melting and 89 per cent yield in the oxygen furnace. 
The 100 per cent cupola yield figure is based on the 
fact that the average carbon in the burden would 
rise from one to 4 per cent, so that the volume of the 
metallic charge would increase to compensate for any 
small metallic losses incurred. The cupola would be 
banked on the downturn and the bottom dropped 
only once a week. 


Cost Above Metallic Charge 


The cost above metallic charge, which includes 
items normally shown on a steel industry operating 
cost sheet, is shown in Table 8. These items do not 
include general works expense, fringes, amortization, 
interest, insurance, taxes, indirect labor, supervision, 
laboratory and casting costs. The costs were primarily 
calculated to fit an actual foundry melting operation. 





Increasing costs make these figures higher than those 
shown in past published reports on steelmaking 
costs. 10.11,12,18,14 

The consumption of oxygen amounts to about 3,- 
500,000 cu ft/month, which is not large enough to 
warrant an on-site oxygen plant. Therefore, oxygen 
prices are those for an average liquid cascade-type 
operation at no capital expense to the foundry op- 
erator. If more oxygen was consumed, oxygen costs 
would go down substantially. 


Combined Cost Above and Metallics 

By adding the cost of metallics, which takes yield 
into account and the cost above, the total cost per 
ton of steel tapped is obtained. These figures are 
shown on the bottom line of Table 8. It can be easily 
seen that the total cost/ton of steel favors the arc- 
furnace operation. Within the accuracy of these esti- 
mates, there is an advantage of $2.00/ton in favor of 
the arc-furnace shop. These combined costs do not 
represent any specific existing melt shop but may be 
considered as an estimated cost of an average oper- 
ation. 


Limitations of the Estimates 

As previously indicated, an entire foundry was not 
designed so that capital costs include only the melt- 
ing equipment and auxiliaries as installed. Philadel- 
phia market prices for pig iron, scrap and raw ma- 
terials were used so that different geographic loca- 
tions could naturally affect material costs. More eco- 
nomical scrap could be used if residual elements can 
be tolerated in castings. 

Since an entire foundry was not designed in this 
study, fixed charges were not included in the cost 
above. Obviously, here geographic locations can 
seriously affect power costs which can alter the cost 
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above for the electric furnace drastically. If power 
costs were high, the cost balance could swing toward 
the cupola oxygen furnace: 


Tentative Conclusions 

In summary this study indicates that from an op- 
erating viewpoint, the choice between the arc fur- 
nace and the cupola- oxygen furnace will depend on 
individual foundry conditions, i.e., grades of steel 
made, volume of castings produced and local power 
conditions. The chemistry of oxygen steel (phosphor- 
us, sulfur and nitrogen) in the carbon and low alloy 
ranges may be attractive to the foundry operator. 
Casting quality has yet to be proved. Capital and 
operating costs as shown in Figs. 5 and 6 favor the 
electric furnace. However, individual foundry condi- 
tions could materially change this conclusion. 


Speculations for the Future 


The first foundry use of the basic oxygen process 
will probably occur in the steel foundry within an 
integrated steel plant having a readily available source 
of molten pig iron and low cost tonnage oxygen. It 
is doubtful that any steel foundry will scrap existing 
arc furnaces to venture into oxygen steelmaking. The 
high-volume carbon steel production foundry may be 
interested in the combined cupola oxygen process, 
because it can supply an even flow of steel to the 
casting floor. 

The foundry considering a new installation to make 
gray and ductile iron together with steel may be in- 
terested in making a critical study of the cupola oxy- 
gen furnace process. Of course, the arc furnace can 
also produce gray and ductile iron as well as steel. 


This is a general study of the possible use of the 












Fig. 6— Estimated metallic cost and cost above for 
the electric furnace (left) and the cupola oxygen fur- 
nace (right). 


basic oxygen furnace in the steel foundry. Further 
specific study is required. The final proof of the 
practicality of oxygen steelmaking remains with the 
steel foundry operators. 
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NEW TECHNIQUES IN 


DEGASSING COPPER ALLOYS 


ABSTRACT 


It is important to control the gas content of copper 
alloys in the manufacture of both sand castings and 
ingots for wrought copper alloy production. Two 
methods for gas removal from these alloys that exist 
now are the oxidation-reduction method and the flush- 
ing with gaseous nitrogen followed by deoxidation. The 
first mentioned is chemical, while the second is a physi- 
cal treatment. This paper considers the physical proc- 
esses involved in gas flushing techniques generally, 
describes the development of a new method of making 
quantitative estimates of the gas content of copper 
alloys and describes experiences with a new gas flush- 
ing process for hydrogen removal from copper alloys. 


INTRODUCTION 


The importance of the control of the gas content 
of copper alloys used in the manufacture both of sand 
castings and ingots intended for the production of 
wrought copper alloys can hardly be exaggerated. In- 
deed, it seems safe to say that the control of gas con- 
tent is one of the fundamentals in the manufacture 
of castings of high quality. The dangers of attempting 
to make castings with gassy metal are well known. 
Suffice it to say that in the field of sand castings, 
gassy metal leads to the production of castings of poor 
mechanical properties which frequently leak under 
pressure test; in the wrought metal field, on the other 
hand, defects such as blisters, bursting during heat 
treatment and brittleness are liable to occur in ma- 
terial made from gassy stock. 

At present there exist two general methods for the 
removal of gases from copper alloys. One of these is 
the so-called oxidation-reduction method, applicable 
to copper itself and to certain copper alloys which do 
not contain large amounts of deoxidants such as alu- 
minum. This technique has the disadvantage of be- 
ing somewhat limited in scope since it is not uni- 
versally applicable to all copper alloys. The second 
generally applied method for the removal of gases 
from copper alloys is flushing with gaseous nitrogen 
followed by deoxidation. 

This method is applicable to all copper alloys, but 
has the disadvantages that it involves the use of ex- 
pensive degassing tubes which are fragile and easily 
broken, and necessitates a cumbersome arrangement 
of pipes and cylinders. The first of the above two 
treatments is, of course, a chemical treatment and 
has been described elsewhere;!:2 the second is a 
physical treatment, (so far as hydrogen removal is 
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concerned) depending for its action upon the phys- 
ical process of diffusion.! At present degassing proc- 
esses are used with copper alloys in a rather inef- 
ficient manner because of the lack of a reliable 
means of determining a) whether a particular melt 
needs degassing and b) when a gassy melt has been 
degassed to a commercially acceptable extent; there 
therefore exists a clear need for a rapid method of 
establishing the extent to which melts are gassy. 

The purpose of the present paper is threefold; 1) 
to consider in some detail the physical processes in- 
volved in gas flushing techniques generally; 2) 
to describe the development of a new method of mak- 
ing qualitative estimates of the gas content of cop- 
per alloys; and 3) to describe experiences with a new 
gas flushing process for the removal of hydrogen 
from copper alloys. 


PHYSICAL PRINCIPLES OF DEGASSING 
BY GAS FLUSHING 


Fundamentals 

If a bath of molten metal contains a dissolved gas, 
the equilibrium concentration of the gas in the metal 
depends on the partial pressure of that gas in the fur- 
nace or other atmosphere in contact with the metal. 
In particular, for a diatomic gas such as hydrogen 
the concentration of the dissolved gas at any given 
temperature is given by Sievert’s Law: 


c= vPu, (1) 
where c is the concentration of hydrogen in the melt, 
Py, is the pressure of this gas in the surrounding 
atmosphere, and K is a constant which depends on 
the temperature and on the metal under considera- 
tion.* This relationship is illustrated graphically in 
Fig. 1 for pure copper (oxygen-free). Some values for 
the constant K are given in Table 1. 





*In practice, with many copper alloys (in particular unalloyed 
copper and the bronzes) the ability of the melt to absorb hydro- 
gen is also dependent on the oxygen content of the melt, a 
high oxygen content reducing the hydrogen solubility to a low 
level. This factor is ignored in the present discussion for two 
reasons. 1) when gas flushing is used as a means of gas re- 
moval, it is normal practice to melt and degas under a reducing 
cover which limits the oxygen content to a low value. 2) even 
if the melt does contain a significant amount of oxygen, the 
mechanism of hydrogen removal is unaltered, although the 
quantitive aspects are changed. 

It must be emphasized that removal of hydrogen by gas 
flushing from melts which contain both oxygen and hydrogen 
is not sufficient to .ensure freedom from unsoundness; it is 
always necessary to deoxidize these alloys immediately prior to 


pouring. 
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Fig. 1— Partial pressure of hydrogen effect on its 


solubility in molten copper. 


TABLE 1— VALUES OF SIEVERT’S CONSTANT, 
K FOR PURE LIQUID COPPER* 











Temperature Sievert’s Constant, 
c F K (cc/100 g.) 
1083 (1981) 5.17 
1100 (2012) 5.48 
1200 (2192) 7.40 
1300 (2872) 9.55 
1400 (2552) 11.99 


*from: ’ 

P. Réentgen and F. Méeller, Metallwirtschaft, 13, 81 (1934). 
M. B. Bever and C. F. Floe, A.1.M.E. Transactions, 156, 149 
(1944). 





Normally the hydrogen content of a melt is initial- 
ly determined by a number of factors, such as the 
gas content of the charge and the presence in it of 
oils, moist corrosion products and by other factors. 
Immediately after the charge is molten its hydrogen 
content may be well out of equilibrium with the par- 
tial pressure of hydrogen in the furnace atmosphere 
(nearly all furnace atmospheres include some hydro- 
gen). Once melting has taken place, the hydrogen 
content of the melt begins slowly to come to equi- 
librium with the hydrogen pressure of the furnace at- 
mosphere, losing or gaining this gas as the case may 
be. If the melt is held long enough, equilibrium with 
the atmosphere will substantially be achieved by Sie- 
vert’s Law. 

Obviously, if after melting the normal furnace at- 
mosphere were removed and replaced by a hydro- 
gen-free atmosphere such as one consisting entirely 
of an inert gas such as argon or nitrogen (for ex- 
ample, by passing a continuous current of the inert 
gas through the furnace chamber and thus sweeping 
away any hydrogen as soon af it leaves the melt), the 
hydrogen content would eventually be reduced to 





zero. Unfortunately, this method of degassing is us 
ually impractical owing to the relatively slow rate oi 
transfer of hydrogen from the melt** (this process is 
often hindered by the presence of oxide skins on the 
melt surface) and the cost and difficulty of main 
taining a suitable flow of gas over the melt. 

However, the removal of hydrogen from the meli 
can be greatly hastened by passing the scavenging ga: 
through, instead of over, the melt, since in this way 
the area of metal surface exposed to the scavenging 
gas (now the gas/bubble interface) is increased many 
times. This is the method employed in practice in 
the vast majority of gas-flushing techniques. 


Process Efficiency 


Since the amount of hydrogen picked up by each 
bubble of the flushing gas is dependent on the par- 
tial pressure of the hydrogen in the melt, and be- 
cause this declines as the gas content of the melt falls 
during degassing, it is clear that gas will be removed 
relatively quickly in the early stages of degassing but 
at a decreasing rate thereafter. Assuming that equi- 
librium is attained between each bubble and the melt, 
it is possible to calculate the volume of flushing gas 
which will be required to reduce the gas content of 
the melt from any given value to another given 
value. Hence, if the gas content of the melt is C, and 
the final content is C, cc at STP/100 g, then the 
volume V (in litres) of flushing gas required is given 
by 

_ W JK (G,—C,) 
v= GAD + Gy} (2) 


In this equation W is the melt weight in kilograms, 
and K is Sievert’s Constant. As example of the use of 
this equation, consider the degassing of a 100 kg cop- 
per melt at 1200 C (2192 F). At this temperature K = 
7.40 cc at STP/100 g of hydrogen. The middle curve 
shown in Fig. 2 was obtained using this value for the 
initial gas content. This curve well illustrates the 
common experience that, while the bulk of the gas 
in a melt is relatively easily removed, extended peri- 
ods of treatment are necessary if really low gas con- 
tents are to be realized. Thus, although the hydro- 
gen content of the above melt can (theoretically) be 
reduced from 5.00 to 1.00 cc at STP/100 g by pass- 
ing about 50 litres of flushing gas, an additional 180 
litres would be necessary further to reduce the gas 
content to 0.25 cc at STP/100 g. 

In practice, the flushing gas volumes required to 
effect a given reduction on gas content vary to some 
extent and may be greater than those indicated in 
Fig. 2. The probable reason is that the degassing bub- 
bles pass out of the melt before they are able to 
pick up the equilibrium amount of hydrogen. The ex- 
tent to which equilibrium between the hydrogen 
content of the bubbles and that of the melt is reached 
varies in industrial practice, depending on the pre- 
cise conditions, but tests indicate that with copper 





**The rate of transfer of hydrogen is primarily dependent on 
the area of the melt surface across which the hydrogen must 
diffuse; the larger this area, the more rapid the gas transfer. 
Stirring of the melt and the atmosphere above it greatly facili- 
tates hydrogen transfer. 














alloys the degassing efficiency is usually close to the 
theoretical. By contrast, in the degassing of alumi- 
num alloys, efficiency is much lower owing to slower 
liffusion and is often of the order of 10 per cent 
of the theoretical. 


Temperature Effect 

The constant K in equations (1) and (2) increases 
with temperature, and for this reason the amount of 
flushing gas required to accomplish a given degree of 
degassing also increases with the temperature at which 
degassing is performed. This increase is considerable, 
as indicated by Fig. 2, which shows curves for de- 
gassing at 1100C (2012F), 1200C (2192F) and 
1300 C (2372 F). These two curves show that, for a 
given degassing effect, more than 214 times the 
amount of flushing gas is required at 1300C (2372 F) 
than at 1100C (2012F). It is therefore highly im- 
portant in practice to make sure that degassing is 
carried out at the Jowest practicable temperature. 

An additional reason for degassing at as low a tem- 
perature as possible is the danger of rapid re-absorp- 
tion of gas at high temperatures. Desirably, degassing 
is therefore performed while the temperature of the 
melt is constant at just above the casting tempera- 
ture or falling to this temperature. 


Bubble Size Effect 

Because equilibrium between the hydrogen pres- 
sure in the flushing bubble and the hydrogen con- 
tent of the melt is not always attained in practice, it 
is clear that the rate of degassing is in part controlled 
by the rapidity with which the hydrogen can diffuse 
into the bubbles of flushing gas. As stated above, 
this is dependent on temperature; it is also depend- 
ent on the interfacial area between the bubbles and 
the melt, i.e., on the bubble size. The bubble size is 
proportional to the square of the bubble radius; on 
the other hand, the number of bubbles in a given 
volume of flushing gas is inversely proportional to 
the cube of the bubble radius. 

Therefore, the net effect is that the surface area 
of a given volume of flushing gas is inversely pro- 
portional to the bubble radius. On this basis, the 
maximum effect which halving the bubble radius 
would have, is to double the rate of approach to equi- 
librium. 

However, the rate of diffusion of hydrogen into 
the bubble falls off as equilibrium is approached, so 
that reducing the bubble size would be expected to 
have a large effect on the extent to which equilibrium 
is attained when this is low, but a smaller effect in 
cases where equilibrium is fairly closely approached 
in any case. 


DEVELOPMENT OF A REDUCED PRESSURE 
GAS TEST FOR COPPER ALLOYS 


For many years now the reduced pressure test? has 
been employed to obtain a qualitative indication of 
the gas content of light alloy melts. In this test a 
small sample of liquid metal is withdrawn from the 
melt in a small steel or nickel crucible. The sample 
is placed in a small autoclave which is then rapidly 
evacuated to a pressure of about 2 in. of mercury. 
The presence of a thick silica window in the auto- 
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Fig. 2 — Degassing curves for 1000 lb copper melts at 
various temperatures. 


clave permits the specimen to be observed during 
freezing, and if gas is present bubbles are seen to rise 
from a slightly gassy melt in a light alloy, but large 
numbers will be observed if the melt is gassy. 
Attempts to apply this type of test to copper al- 
loys have in the past met with varying success. Good 
results are readily obtained with alloys such as alu- 
minum bronze and manganese bronze, both of which 
contain elements which form tenacious oxide skins 
and have relatively short freezing ranges. With these 
alloys the only difference in the test is the fact that 
it is necessary to water cool the autoclave in order 
to dissipate the large amount of heat given out by 
the specimen. Figure 3 shows an apparatus which 
has been designed especially for copper alloys, and it 
will be observed that the autoclave is water cooled. 
Usually a specimen weighing about 500 grams is 
bailed out from the melt and solidified in the ap- 
paratus under a pressure of 2 in. of mercury. 





Fig. 3 — Modified pressure apparatus for copper 
alloys. 
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However, attempts to apply the reduced pressure 
tests to bronzes, red brass and similar alloys of long 
freezing range have in the past proved unsuccessful. 
Results obtained are erratic, and often apparently 
bear little or no relation to the real gas content of 
the metal. The reasons for this are somewhat obscure, 
but they may be associated with the fact that these 
alloys have a long freezing range but, unlike alu- 
minum alloys and aluminum bronze, do not possess 
a strong tenacious oxide skin. 

It has been suggested that the long freezing range 
causes the gas to separate in the specimen as a num- 
ber of fine bubbles at a late stage of freezing. In 
these circumstances the bubbles are unable to grow 
to their full size and rise out of the melt because the 
specimen is already quite rigid. On the other hand, 
in an alloy of short freezing range the gas will con- 
centrate in the residual fully liquid center of the 
specimen, and gas bubbles formed there will be able 
to grow unhindered and to rise out of the specimen 
or cause it to bloat. 

An alternative explanation is that the presence of 
a tenacious oxide skin permits the gas to collect in 
bubbles of reasonable size which eventually either 
burst through the oxide skin or alternatively bloat 
the specimen, because the oxide skin hinders the dif- 
fusion of the gas out of the specimen into the at- 
mosphere. It has been suggested that in the absence 
of such an oxide skin the gas can readily diffuse into 
the atmosphere, thereby escaping unseen from the 
specimen. Whichever of these explanations be cor- 
rect, it is an established fact that the reduced pres- 
sure test as ordinarily carried out does not work satis- 
factorily with bronzes in similar alloys. 

It therefore becomes necessary for the purposes of 
the present work to develop the reduced pressure test 
into a test suitable for detecting gas in alloys of this 
type. Work to this end was conducted by Moore4 
following a suggestion that it might be possible to 
reduce the freezing range of a bronze or red brass to 
a small value by raising the tin content to approxi- 
mately 35 per cent. Experiments made to determine 
the correctness of this suggestion are described below. 


Experimental Method 


A small Plumbago crucible was well heated and 
118 grams (for example) of tin melted in it. A sam- 
ple was taken from the melt of gun metal under test 
by a hand ladle and poured into the crucible until the 
total sample weight was 500 grams. The sample was 
then placed in the modified reduced pressure appa- 
ratus and allowed to solidify at a pressure of 2 in. of 
mercury. When solid, the sample was removed from 
the crucible and quenched in water. The sample, 
which was quite brittle, was then split open with a 
hammer for close examination. Melts at various gas 
levels were tested in this way. Sand cast test bars* 
and density samples were poured also for direct com- 
parison with the above samples. 


*Vertically cast, one in. diameter bars with parallel sides. 
These bars are fairly well fed, but their heavier section, in 
comparison with shaped bars makes them especially sensitive 
to gas content. 


Fig. 4— Fractured reduced pressure test specimens in 
first series of tests. 


Test Results 


First Series of Tests (Conducted at Birmingham 
University, England). About 54 Ib of 85-5-5-5 gun 
metal was melted down in a gas fired lift out cru- 
cible furnace. The temperature was raised to about 
1180 C (2156 F), and the melt was deoxidized with 
about 0.03 per cent phosphorus. Damp molding sand 
was then added to the surface of the melt and al- 
lowed to remain for a few minutes in order that 
hydrogen might be introduced into the molten al- 
loy. A sample was then taken for the reduced pres- 
sure test and at the same time a sand cast test bar, a 
sand cast density sample and a one in. diameter 
chilled bar were also poured from the melt. The den- 
sity sample was poured into a special mold designed 
by Kondic.5 The one in. diameter bar (one in. di- 
ameter x 214-in. long) was cast into a dried sand mold 
with a chill at the base of the bar. 

The melt was then degassed in two stages of 3 min 
each, with 1A units of the new degaser (described 
subsequently). One one in. diameter chill bar was 
poured after the first stage and a sample taken for 
the reduced pressure test. It was suggested that since 
the degree of deoxidation was of such importance, it 
might be of interest to add some extra phosphor-cop- 
per; a further 0.02 per cent of phosphorus was there- 
fore added between the degassing treatments. After 
the second stage of degassing, another reduced pres- 
sure sample was taken and a test bar poured together 
with the two density samples. 

The appearance of the fractured samples from the 
reduced pressure test is shown in Fig. 4, and the re- 
sults of the tensile tests and density measurements are 
given in Table 2. These results show that the modi- 
fied reduced pressure test yields a qualitative indi- 
cation of gas content which corresponds well with 
the results of the different density tests used. 


Second Series of Tests. A series of five samples was 
taken from a laboratory melt of 85-5-5-5 gun metal al- 
lowing them to solidify under reduced pressure after 
modifying the composition by addition of tin. This 
was done in order to show the sensitivity of the test 
to the gassiness of the melt. The appearance of the 
fractured samples is shown in Fig. 5, their treatment 
being as follows: 

















TABLE 2— RESULTS OF FIRST SERIES OF TESTS 
WITH REDUCED PRESSURE APPARATUS 








Den- Elonga- 


sity UTS tionon Phos- 


Condition Gm/ Ib/ 2in., pho- 











0. Sample of Melt cc sqin. &Y% rus 
B Test Bar Gassy 8:18 16016 4 0.03 
iC 1 in. dia. chill bar Gassy 8.79 
1D Density Sample Gassy 8.62 
vC lin.dia.chillbar Degassed for 8.76 0.01 
$3 min 
3B Test Bar Degassed 8.88 26656 6 0.03 
3C_ 1 in. dia. chill bar forfurther 8.96 
3D Density sample $ min 8.80 
Sample No. 1...... As melted 
Sample No. 2..... Gas deliberately introduced into the 
melt 
Sample No. 3...... After melt had stood quiescent for 5 
min. in furnace 
Sample No. 4...... Degassed for 3 min 
Sample No. 5...... Degassed for further 2 min 





Good correspondence was found between the indica- 
tions of the reduced pressure and the treatment the 
metal received as shown by comparison of the above 
melt history with Fig. 5. 


Sample No. 2 shows a considerable amount of gas 
and after standing for 5 min in the furnace, sample 
No. 3 was taken which still indicates the presence of 
gas. After one stage of degassing a trace of gas is 
still shown by sample No. 4. The soundness of sample 
No. 5 shows that the metal is sufficiently gas free for 
casting. All these samples were taken within a short 
period. In practice, it would appear that to take a 
sample and decide whether or not a degassing treat- 
ment is required would take approximately only 3 to 
4 min. 


Third Series of Tests. In the third series of ex- 
periments a comparison was made between the test 
bars, 134-in. diameter bars cast into dry sand with a 
chill at their base, and reduced pressure samples so- 
lidified in a large metal crucible and without any tin 
addition. The results of tensile tests and density meas- 
urements are given in Table 3, together with the sur- 
face appearance of the reduced pressure samples. 
















Fig. 5— Fractured reduced pressure test specimens 
made in second series of tests. 


Preliminary Work 
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TABLE 3— RESULTS OF THIRD SERIES OF TESTS 
WITH REDUCED PRESSURE APPARATUS 


Den- Appearance of 
sity UTS, Elonga- top surface of 











Condition Gm/ Ib/ tion, reduced pres- 

No. Sample of Melt ace Ss sure sample 
4A R.P. Test Gassed - - - Large rise 
4B Test Bar Gassed 8.22 18592 2 = 
4C 13%-in. dia. 

chill bar Gassed 8.76 — - _ 
5A R.P. Test - _ _ Deep Sink 
5B . Test Bar — 8.67 27104 7 “ 
5C 1%%-in.dia. "°F One 

chill bar = me + - _ 
6A R.P.Test Gassed but — — - - 
6B Test Bar not to the 866 23072 9 - 
6C 1%%-in. dia. same extent 

chill bar asin No.4 899 — _ Shallow Sink 
7A R.P. Test D _ _ - Rough with 
7B Test Bar for 314 8.79 30240 10 slight sink 
7C ' 13%-in. dia. ar 

chill bar 889 — ~ 
Discussion 


Some lack of correlation between the indication of 
different density tests is illustrated by the results 
given in Table 2. However, the density, as meas- 
ured by any one particular method, does give a good 
idea of the effect of any degassing treatment, and it 
seems time to say that the density figures obtained 
from the first and second series of tests correlate well 
with the indications of the modified reduced pres- 
sure test, thus indicating that the test is qualitatively 
satisfactory. Indeed some of the tests made suggest 
that the reduced pressure test may be more sensitive 
than density measurements. 

For example, the fractured samples in Fig. 4 show 
three distinct levels of gas in the metal. The dif- 
ference in appearance between samples No. 2 and 3 
is far more marked than one would expect after con- 
sidering the differences in density between the cor- 
responding samples Nos. 2C and 8C. 

The density figures given in Table 3 (third series 
of tests) would not be informative if they were the 
only guide to the condition of the melt with respect 
to gas. The appearance of the reduced pressure sam- 
ples, which were not modified in composition, would 
also be misleading. Sample No. 5A shows a deep sink 
after degassing for only one min, and it seems un- 
likely that such a short treatment would remove all 
the gas as indicated in No. 4A whereas, after 314-min 
of degassing, sample No. 7A showed only a slight 
sink. It is felt that the results of this series indicate 
that without a tin addition the reduced pressure test 
is unreliable. 

The above method of using the modified reduced 
pressure test for gas assessment can not be applied 
to brasses containing substantial amounts of zinc on 
account of the high zinc vapor pressure of this alloy. 


DEVELOPMENT OF A NEW DEGASER 


Because nitrogen degassing methods are unpopu- 
lar in many foundries owing to the necessity for dry- 

















Fig. 6 — Degaser blocks of various types. 


TABLE 4— SIZES OF DEGASSING BLOCKS 


Dimensions of Weight 
Block, of Metal 
Weight of in. Section of Block will 
Code _ Block I.D. O.D. Block Degas, lb 
1A 402 %, 134 Plain annular up to 200 
1B 4072 154 24% Plain annular up to 200 
2B Y4-lb 300-500 
3B 34-lb 154 4 500-700 
4C 1 Ib 750-1000 
6C 114-lb 24% 5 Clover leaf bore 1000-1500 
8C 21b 1500-2000 








Clover leaf bore 





ing towers, piping and expensive graphite tubes 
which need frequent replacement, it was thought that 
a simpler alternative type of gas-flushing treatment 
involving blocks which would be plunged below the 
melt surface would prove more attractive to the 
foundryman. Accordingly a number of blocks of var- 
ious compositions were prepared in the laboratory, 
all of these being essentially similar in that they were 
composed of ingredients which evolve an inert gas on 
heating, together with suitable binders. 

Because of the granular nature of the blocks, the 
bubbles of inert gas evolved when the blocks are 
plunged below the surface of the melt are small in 
size. This results in improved efficiency of gas re- 
moval. Experiments with small scale laboratory melts 
were conducted both to establish the optimum com- 
position of the block and to determine the best size 
grading of the ingredients from the point of view of 
bubble size. 

Once this preliminary work had been completed 
and the material composition of the blocks settled, 


attention was given to the shape of the blocks from 
the point of view of practical degassing in foundries. 
The principal factors considered here were a) ease 
of application, b) the effect of block shape on its 
rate of decomposition and c) the strength of the 
blocks. For ease of application it was decided to make 
the blocks in the form of rings which could be 
threaded on to a plunger of simple shape. A num- 
ber of blocks of various sizes are illustrated in Fig. 6. 
The larger blocks are fluted in shape internally, since 
this exposes a greater surface of block to the metal 
and enables a more thorough decomposition to take 
place. 

Another advantage of the fluted shape of the block 
is that it facilitates the threading of the block on to 
the plunger. A used plunger will frequently have 
some metal attached to it and a plain annular ring 
is often only slipped on with difficulty. The internally 
fluted blocks can be slipped on easily, the hollows ac- 
comodating projecting metal and slag attachments. 
Because of strength considerations it was decided to 
make the cross-section of the annular ring approxi- 
mately square and to control the rate of decompo- 
sition of the blocks mainly by adjusting the size grad- 
ing of the ingredients. Dimensions of the various sizes 
of blocks finally developed are shown in Table 4. A 
suitable shape of plunger for use with these blocks is 
shown in Fig. 7. 

Small and medium scale tests with crucible fur- 
nace melts showed that the decomposition times of 
the blocks varied between 4 and 8 min depending 
on size. These tests also indicated that the weight of 
degaser required to treat a given melt varied with 
the amount of gas initially present and with the tem- 

















perature of treatment (this is to be expected, as dis- 
cussed previously). Therefore, it appears that in a 
given instance the optimum amount of degaser to be 
used would have to be determined by practical trial. 

However, this preliminary work indicated that, if 
degassing were conducted at temperatures not too far 
above the liquidus of the alloy (e.g., 100-150 F) an 
application rate of about 0.1 per cent of the melt 
weight sufficed for melts of 1000 lb or over. Below 
this melt weight it appeared that rather. larger 
amounts of degaser were normally necessary. In the 
case of 100 lb melts it was usually found that 0.2 to 
0.25 per cent by weight of the melt was required. 
These figures were subsequently confirmed by wide- 
spread field trials, some of which are described below. 


Results of Field Trials 

The following are a selection of the results of 
numerous full-scale trials of these degaser blocks. 

Trials with Aluminum Bronze. The first trial was 
conducted on metal used for the manufacture of a 
large uncoiler for a steel mill. This casting entailed 
a melt weight of 8070 Ib. About 5000 Ib of metal 
were melted down in two rotary furnaces and tapped 
into a 7000 lb capacity ladle (The remainder of 
weight was made up from metal melted in a number 
of smaller furnaces). A sample taken from the ladle 
and allowed to solidify under reduced pressure, as 
described previously, indicated the presence of gas by 
a slight rise on the top surface. The 5000 Ib of alu- 
minum bronze in the ladle was then degassed by 
plunging three 2 Ib degaser blocks for a period of 3 
min. 

A further reduced pressure sample solidified under 
the same conditions indicated that gas has been re- 
moved, since the sample solidified with a flat top. At 
this stage, the temperature of the melt was lower than 
intended and this cut down the time available for 


degassing which would otherwise have been at least : 


5 min. 

On this occasion part of the mold broke away dur- 
ing pouring and the casting had to be scrapped. The 
casting was therefore sawed up to examine the effect 
of the degassing treatment, and was found to be com- 
pletely sound and free from gas porosity indicating 
that the treatment had been fully successful. This 
casting was later re-made, using the same technique 
and again completely successful degassing was ob- 
tained. 

Trials with Copper. The foundry at which this trial 
was conducted were having difficulty in producing 
sound castings in copper melted from a certain stock 
of cathode copper. This stock was discolored to a 
dark brown compared to normal cathode copper and 
had a green deposit of copper chloride on parts of 
the surface. Gas analysis conducted on this metal 
showed that 15 cc of hydrogen/100 g of metal were 
present, together with 8.9 cc of unidentified gases/100 
g of metal. This amount of gas would certainly nor- 
mally be sufficient to cause severe gas porosity in the 
castings. A number of 100 lb melts were treated with 
B type 4 oz degaser blocks for 5 or 6 min and de- 
oxidized in the usual way immediately prior to pour- 
ing. The castings produced were completely gas free. 








Plunger 
Rod. 


Fig. 7 — Sketch of 
plunger of suitable 
design. 
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TABLE 5— TREATMENT EFFECT ON GUN METAL 
AT FOUNDRY A 








Before After 5 min 
Properties Degassing Degassing 
ie y ee Meee $5,840 37,856 
Elongation, % .........060ccews 5.5 13.5 
occ e Fh on.’ 5p MET 8.80 8.81 
a ty GER EPE EPPO eT TT 4.03 $.95 
pe I SNS Soe eer 0.011 0.011 





Trials with Bronzes and Gun Metals. A number of 
trials were conducted on bronze and gun metal melts 
at several different foundries as described below. 

Trials at Foundry A. At this foundry degassing 
was carried out in the ladle on 4400 lb of gun metal 
melted in oil fired tilting furnaces. Four one Ib de- 
gaser blocks were plunged for 5 min. The results ob- 
tained are given in Table 5, and show that substan- 
tial improvement in the mechanical properties were 
produced by the degassing treatment. However, this 
melt did not appear to be particularly gassy before 
treatment since the density was quite high. This sug- 
gests that in this instance the improvement in the 
properties may well have been at least in part, due to 
the cleansing effect of the degassing treatment rather 
than to gas removal. 

Trials at Foundry B. Trials were conducted on 80 
Ib melts prepared in a gas fired lift out crucible fur- 
nace. No flux cover was employed and degassing was 
accomplished by plunging one B type 4 oz block. The 
results of these trials with both phosphor bronze and 





Figs. 8a and 8b — Samples of leaded bronze and phos- 
pho: bronze solidified under reduced pressure in mod- 
ifieci pressure apparatus. 


leaded bronze shown in Table 6, indicate that the de- 
gassing treatments produced a remarkable improve- 
ment in tensile strength, elongation and density. The 
appearance of pressure gas test samples made during 
the course of these trials is indicated in the Figs. 8a 


TABLE 6— TREATMENT EFFECT ON PHOSPHOR 
BRONZE AND LEADED BRONZE AT FOUNDRY B 





Test bar 
ap rmgsece Alloy and Test Number 
psec a Phosphor Bronze Leaded Bronze 


degassing WIA WiB W2A W2B 











Test Bar Keel Block* Keel Block Vertical Bar** D Bar 
Degassing 
Time, min as melted 33, 
Pouring 
Temp. 
F 2012 1967 1922 1940 
1100 1075 1050 1060 


as melted 3 


Cc 
UTS, lb/ 
sq in. 27,552 31,808 23,072 
Elonga- 
tion, % 7 1] 8 
Density, 
gm/sq in. 8.17 8.36 8.45 
Chemical 
Compo- 
sition, % 
Cu 88.40 88.62 81.02 81.18 
Sn 10.80 10.56 8.90 8.96 
Zn nil nil nil nil 
Pb 0.13 0.13 9.70 9.50 
P 0.59 0.60 0.24 0.23 
S 0.049 0.058 0.032 0.024 
*A horizontally cast test bar of one in. diameter, made in a 
sand mold and well fed by a wedged shaped feeder attached 
to the upper surface of the bar. 
**Vertically cast test bars of one in. diameter, iron bars are made 
in sand mold and are well fed by a top feeder of 2 in. diameter. 


and 8b. Both the samples, taken in the as-melted con- 
dition, indicate the presence of substantial amounts of 
gas by the rise in the top surface. After degassing the 
top surfaces of both samples were flat or slightly sunk 
showing that degassing had been effective and that 
a considerable amount of gas had been removed. 
Chemical analysis of the samples taken during the 
course of these trials are given in Table 3, and indi- 
cate that no serious losses of any important element 


‘ took place during the degassing treatment. 


Trials at Foundry C. The procedure at this foun- 
dry was broadly similar to that at Foundry B; in 
this case the leaded bronze and phosphor bronze melts 
were of 120 lb weight and again oil fired lift out cru- 
cible furnaces were used. Degassing was accomplished 
with one A type degaser block of 4 oz weight. The re- 
sults of mechanical and density tests on test bars made 
before and after treatment and also of chemical an- 
alyses are shown in Table 7. These confirm that the 


TABLE 7— TREATMENT EFFECT ON LEADED 
BRONZE AND GUN METAL AT FOUNDRY C 








Alloy and Test Number 
Properties of ’ 
Test Bars* before Leaded Bronze Leaded Gun Metal 
and after degassing 1A 1B 3A 3B 2A 


Degassing time, min as melted 2 as melted 4 as melted 
Pouring Temp. 
F 1949 2102 
1100 1065 1150 








Cc 
UTS, Ib/sq in. 32,929 26,880 
Elongation, % 1 + 8 13 
ity, gm /cc J J 8.90 
Chemical Composition, % ; 
Cu 86.82 80.27 
9.06 , ‘ 
nil i i 3.10 
3.74 : J , 5.54 
<0.01 <0.0 nil nil <0.0 
0.071 0.078 0.120 0.116 0.106 
*Vertically cast bars of one in. diameter, iron bars made in sand molds 
and well fed by a top feeder. 














treatment produced a marked improvement in the 
mechanical properties of both alloys. In this instance 
the increases in density show that at least part of the 
improvement was the result of gas removal. 

Trials at Foundry D. A number of trials were con- 
ducted in a medium sized plant manufacturing 
rolled strip. The problems encountered by this com- 
pany were blistering of commercial copper and spill- 
ing of phosphor copper strip. Blistering occurred in 
the final stages of cold rolling commercial copper 
when the thickness of the strip was below about 0.034 
in. This effect which is generally attributed to the 
presence of hydrogen in the alloy, often results in 
high scrap losses. Spilling can occur at all stages in 
cold rolling of phosphor bronze and is often caused 
by hydrogren porosity in the billet. 

Melts of phosphor bronze and commercial copper 
were degassed in a 650 lb oil fired tilting furnace. 
Test bars were taken from one melt and the results 
obtained are given in Table 8. As this table shows, a 
substantial improvement both in density and tensile 
strength and elongation was produced by the degas- 
sing treatment. Later degassing was carried out on 
several production heats of each alloy over a period 
of some days. This foundry subsequently reported that 
some reduction had been observed in the incidence 
of the defects mentioned above. 


TABLE 8 — TREATMENT EFFECT ON PHOSPHOR 
BRONZE AT FOUNDRY D 








Asmelted Degassed 
gap ee eee ee 12.9 15.9 
ee Er ree 18 26 
GN BUEPRR isd ache secen parses node 8.68 8.76 





Trials at Foundry E. Further trials were made at 
a small plant manufacturing strip and tube. Spilling 
had been prevalent in the phosphor bronze strip man- 
ufacturing by this company. The billets were cast 
from 100 lb pit furnaces and gas porosity was ob- 
served in the top end of the billet after shearing. 
This porosity caused surface defects in the rolled 
strip, and it was often necessary to crop several 
inches from the top of the billet with the result that 
low yield of sound strip was obtained. A gas assess- 
ment was conducted using the modified reduced pres- 
sure apparatus and adjusting the sample composition 
to 35 per cent tin as described previously. This test 
showed the presence of gas at 4 to 5 in. of mercury 
pressure. Degassing was accomplished using one 1B 
unit/100 Ib. After degassing the reduced pressure sam- 
ple indicated that the melt was substantially gas free. 
This foundry has now used the new degaser on a 
considerable number of heats of phosphor bronze and 
reported a general improvement in the quality of 
their product and lower scrap losses due to defects in 
the roll strip. 


Discussion of Results of Field Trials 

The above selection of trial results clearly indicate 
that with most alloys use of the degaser blocks is a 
technically efficient means of degassing most copper 
alloy melts. However, in the case of melting units of 
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the reverberatory type where the bath is only a few 
inches deep, degassing in the furnace is extremely 
difficult owing to the shallowness of the bath. In 
these instances it is usually desirable to degas the 
metal in the ladle rather than in the furnace. 

The reaction of the degaser in the melt is quite 
vigorous and some metal splashing may occur when 
treatment is conducted in completely filled crucibles. 
Reduction in the quantity of metal melted in each 
crucible will usually affect the production rate in 
the foundry so that it is preferable to place a ring 
from an old crucible around the top of the melting 
crucible as a splash guard during degassing. This does 
not apply to the larger melts in tilting furnaces and 
those degassed in a transfer ladle where there is gen- 
erally an adequate distance between the metal sur- 
face and the lip of the crucible or ladle. 

Because of the agitation which takes place when 
the degaser is applied, it would appear that use of a 
neutral flux cover would be valuable during degas- 
sing and would be beneficial to reduce melting losses. 
It should be emphasized that the new degaser blocks, 
like all gas flushing agents, only removes hydrogen 
from the metal. Hence, with copper, bronzes, red 
brass, etc., subsequent deoxidation with phosphorus 
or other deoxidant is imperative if gas porosity is to 
be avoided in the casting. This proviso does not of 
course apply to alloys such as aluminum bronze, man- 
ganese bronze or silicon bronze which contain built 
in deoxidizers. 


CONCLUSIONS 


The work described in this paper has led to the 
following conclusions. 


1) The reduced pressure test, popular with light al- 
loy founders, has been adapted to qualitative meas- 
urement of the gas content of copper melts. 

2) The majority of copper alloys may be cheaply, 
satisfactorily and effectively degassed by treatment 
with the new degaser. 

3) Application rates vary between about 0.] per cent 
of the melt weight for melts of 1000 lb and up- 
wards, and 0.20-0.25 per cent of the melt weight 
for smaller melts. 

4) Besides removing gas from copper alloys it ap- 
pears that the new degaser may also be effective 
in cleaning the melt. The results of these two ef- 
fects is often a marked increase in the tensile 
strength, elongation and density of these alloys. 

5) Use of the new degaser effectively reduces the in- 
cidence of surface defects such as blistering and 
spilling in wrought copper alloys. 
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CAST STEEL DESULFURIZATION 
BY CALCIUM INOCULATION 
IMPROVES PROPERTIES 


by D. A. Colling and P. J. Ahearn 


ABSTRACT 


Steels with sulfur content as low as 0.001/0.002 per 
cent were produced in basic induction furnaces by in- 
oculation with Ca-Mn-Si combined with high slag 
basicity. The effects of initial sulfur content, alloy ele- 
ments and calcium additions for the desulfurization 
process were assessed. Mechanical properties for low 
sulfur 4325 and 4340 steels show improved ductility 
and toughness over normal sulfur steels at the same 
strength level. 


INTRODUCTION 


The use of high strength steel castings as a material 
of construction in components designed to a mini- 
mum safety factor of necessity presupposes reasonable 
ductility in the cast parts. Reasonable ductility in a 
tensile test would be exhibited when failure occurs 
at a strain that exceeds the necking strain by a 
comfortable margin. This excess strain or ductility 
can be considered a metallurgical safety factor in- 
suring uniformity in strength. 

If failure occurs before the necking strain, then 
tensile strength will be reduced. At the strength 
levels of interest (250,000 psi) the necking strain is 
approximately 0.03 in./in., which converts to an 
elongation of 3 per cent. This elongation can be 
considered an absolute minimum allowable ductility 
at the high strength level. 

Effort has been directed toward methods of im- 
proving ductility and also toughness in order to in- 
sure reproducibility of strength properties. One of the 
most promising approaches is to reduce the sulfur 
content of the steel to a low level. The deleterious 
effect of sulfur has long been recognized, for it tends 
to form undesirable nonmetallic inclusions of a shape 
and size that increase the possibility of premature 
failure of the casting. This observation is reinforced 
by considering the low solubility and the large segre- 
gation coefficient of sulfur in iron. 

Recent work has quantitatively illustrated the effect 
of sulfur on mechanical properties of 4300 series 
cast steel.1.2 Elongation, reduction in area and tough- 
ness increased as sulfur content was reduced to a low 
level of 0.010 per cent. The same conclusion has been 
reached in a study of the joint effect of sulfur and 
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rare earth metals.3 Extrapolation of the above work 
to ultra-low sulfur levels of 0.002-0.005 per cent in- 
dicated that further gains in ductility and toughness 
could be realized. 


Study Objective 


Accordingly, an objective was defined, first to 
establish a practical method of obtaining ultra-low 
sulfur levels without recourse to expensive high pu- 
rity charge materials; and second, to evaluate the me- 
chanical properties of the resulting castings in order 
to ascertain the improvement in properties due to the 
extremely low sulfur content. 

The standard method of desulfurizing is to employ 
a highly basic slag cover that can conveniently re- 
duce sulfur content to 0.010 per cent. The literature 
indicates that other desulfurizing procedures have 
been employed with considerable success. For ex- 
ample, the use of specific metallic desulfurizers has 
been reported.* These can react with the sulfur in the 
melt producing a metal sulfide that is transported to 
the slag cover. In such cases the oxygen content of the 
bath must be low, for the desulfurizer tends to react 
with oxygen in the bath in preference to sulfur. 
Metallic desulfurizers have even been successful with 
acid electrical steel practice. The sulfur has been re- 
duced from 0.043 to 0.014 per cent by the addition of 
0.3 per cent calcium as Ca-Mn-Si, accompanied with 
aluminum for deoxidation.5 Additional work indi- 
cated that a basic slag cover in conjunction with cal- 
cium inoculation would enhance desulfurization by 
preventing reversion of sulfur from the slag into the 
melt. 

The reported desulfurization by calcium additions 
with an aluminum deoxidation and the steel desulfuri- 
zation method employing a basic reducing slag seemed 
to offer the greatest promise for desulfurization to 
ultra low levels. Logically, a combination of both 
procedures would yield maximum results. 

Basic induction furnace techniques were devised, 
first to study desulfurization by the basic slag cover 
alone; second, by the inoculation of the bath with a 
calcium addition alone and third, by a combination 
of one and two above. The first two, the slag cover 
and the calcium inoculation, were considered pre- 
liminary experiments to determine the individual ef- 
fect of each approach. If both resulted in desulfuri- 















zation then the combination of the two would be 
appropriate. 


PROCEDURE 


Preliminary Work 

The effect of the slag cover aione was ascertained by 
melting heats in a basic lined induction furnace, 
adding a limestone-fluorspar cover or an unslaked 
lime cover and then deoxidizing the bath with alum- 
inum. The covers were left on the surface of the 
melt for a length of time. Samples were taken for 
chemical analysis at predetermined intervals to find 
the amount of desulfurization with each procedure. 

Calcium inoculation was studied by immersing Ca- 
Mn-Si into a deoxidized bath. The calcium addition 
to be effective must be prevented from reacting with 
the atmosphere above the melt, and yet immersing 
the addition in molten steel requires special precau- 
tions for calcium vapor pressure is 1.88 atmospheres 
at steel making temperatures. These potential difficul- 
ties were avoided by designing a special inoculation 
fixture consisting of a steel mesh cage containing 
the Ca-Mn-Si. 

The cage was welded to a counterweighted steel 
shaft that could be lifted and manipulated by the 
crane. With this fixture the calcium addition was 
placed in intimate contact with the molten steel. Pre- 
sumably calcium vapor bubbled up through the bath 
performing its desulfurizing task. Again metal sam- 
ples were obtained to determine the sulfur reduction. 


Standard Procedure 

The above experimental background led to the de- 
sign of a combination procedure consisting of an 
aluminum deoxidation, a basic slag cover and inocula- 
tion with Ca-Mn-Si (2 per cent by weight giving 
0.36 per cent total calcium addition). This procedure 
was conducted on a total of 17 basic induction heats. 
The operating procedure for production of low sulfur 
steel by calcium injection was: 





Time, hr for 


a 300 Ib 
charge 
1. Bar stock and electrolytic nickel were charged 
and power was turned on. .................... 0:00 
2. At melt down, FeMo was added. .............. 0:40 
3. Upon addition of FeMo, the pig iron was 
en see Che BOG oc, .:5:. . coc tuankemees bs 0:40/0:45 
4. When all pig iron was in solution, FeCr was 
WO. 36 ess pec chee 300. ssa Vac tee eee 0:45 


5. Limestone and fluorspar were added with the 

power off at an approximate bath temperature 

OE DR va ch dip ds coh oh wks Sem eR ea ole 0:46/0:53 
6. The bath was deoxidized with FeMn, FeSi, 

and 0.15% Al. Sample “A” was taken for sul- 


BE OES | f 5 sno stp ee seine 1s ocd hisses oka bers 0:55 
7. Ca-Mn-Si was added and Sample “B” was 
taken for sulfur analysis. ..................... 1:00 


8. The second addition of Ca-Mn-Si was made. 
Sample “C” was taken for complete chemical 


GUE V9.2 ot in kag eS Sate da eee pubassiaaees 1:03 
9. The heat was tapped for a pouring tempera- 
“ch Brett Ree Tee Le ee 1:10 





The chemical analyses were supplemented by deter- 
mination of sulfur and gas contents of individual 







Fig. 1— Sketch of 
a four fin coupon. 








castings. The sulfur analysis would disclose any rever- 
sion from the slag into the melt during pouring oper- 
ations while the gas analyses would show the effect of 
melting practice on deoxidation and absorption of 
hydrogen and nitrogen. 

Low sulfur 4325 and 4340 silicon modified steels 
were respectively cast into four fin coupon and octant 
coupon green sand molds (Figs. | and 2). Fins were 
cut from selected coupons that were to be mechani- 
cally tested. These fins were: 


1) Homogenized at 2200 F for 2 hr and air cooled. 
2) Normalized at 1750 F for 2 hr and air cooled. 
3) Tempered at 1225 F for 2 hr and air cooled. 


The silicon modified 4325 steel fins were subjected 
to the hardening treatment: 


1) Austenitize at 1600 F for one hr. 

2) Reduce temperature to 1350 F for one hr. 

3) Quench in water. 

4) Double temper at 400 F or 600 F followed by water 
quench. 


The silicon modified 4340 steel fins were subjected 
to similar hardening treatment: 


1) Austenitize at 1600 F for one hr. 

2) Reduce temperature to 1400 F for one hr. 

3) Quench in oil. 

4) Double temper at 400 F or 600 F followed by water 
quench. 


Upon completion of the heat treatments, each fin 
was machined to yield one 0.357 in. diameter, 3.25 in. 
long, threaded tensile specimen and one 0.394 in. 
square, 3.165 in. long, V-notch charpy specimen. 

Tensile specimens were tested at room temperature 
to determine tensile strength, yield strength at 0.1 
per cent and 0.2 per cent offset, per cent elongation 
and per cent reduction in area. Impact strength was 
determined at —40 degrees (or degrees F). 


RESULTS 


Preliminary Work Results 


Table 1 lists the sulfur contents at comparable 
times for the three heats that were conducted to deter- 
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Fig. 2— Sketch of an octant coupon. 


mine the amount of desulfurization obtained by Ca- 
Mn-Si alone, and by unslaked lime or limestone- 


TABLE. 1 





S, % 





(unslaked 
lime slag) 


0.011 
0.011 
0.006 


0.005 


(limestone- 
fluorspar slag) 
0.012 


0.009 
0.005 


0.007 


(Ca-Mn-Si) 


0.019 
0.014 
0.009 


0.010 


Time 





After deoxidation 
$3 min later 
4 min later 


Total %S removed 





TABLE 2— FINAL CHEMICAL COMPOSITIONS 





Composition, % 
Mn Si §& P Ni Cr Mo Al 


0.99 1.31 0.003 0.008 1.85 0.93 0.27 0.09 
0.54 1.540.004 0.010 1.74 0.78 0.26 0.10 
0.70 1.86 0.004 0.010 1.81 0.83 0.24 0.07 
0.71 1.85 0.003 0.008 1.71 0.82 0.23 0.18 
0.70 1.86 0.002 0.009 1.69 0.82 0.22 0.17 


0.66 1.70 0.001 0.010 1.75 0.81 0.24 0.11 
1.16 1.30 0.002 0.006 1.67 0.77 0.22 0.08 
0.72 1.22 0.003 0.006 1.84 0.81 0.23 0.06 
0.67 1.36 0.003 0.008 1.76 0.81 0.23 0.05 
1.46 
1.29 
l 


Slag 

Type 
UL* 
UL 
UL 
UL 
UL 


UL 
UL 
UL 
UL 
UL 


L-S 
L-S 
L-S 
L-S 
L-S 
L-S 
L-S 


Heat Chegd. 
No. Wt.,lb C 


0.39 
0.40 
0.41 
0.38 
0.40 


0.37 
0.43 
0.47 
0.48 
0.50 


0.24 
0.245 
0.23 
0.285 
0.24 








0.78 0.003 0.006 1.72 0.80 0.23 0.05 


0.70 0.005 0.010 1.71 0.83 0.24 0.05 
0.76 1.28 0.008 0.008 1.76 0.71 0.25 0.06 
0.80 1.42 0.005 0.008 1.72 0.78 0.25 0.05 
1.00 2.14 0.005 0.008 1.76 0.71 0.26 0.06 
0.75 1.13 0.008 0.008 1:79 0.67 0.26 0.04 
16 0.43 0.84 1.69 0.002 0.008 1.73 0.83 0.26 0.03 
17 0.40 0.90 1.91 0.002 0.009 1.72 0.81 0.26 0.02 


* UL— Unslaked lime, L-S— limestone and fiuorspar. 
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fluorspar slags with no inoculation treatment. Desul- 
furization was obtained in all three cases. 

The final sulfur content of the bath inoculated with 
the Ca-Mn-Si was somewhat higher than the final 
sulfur contents of the steels with the slag covers. 
However, the total sulfur removed by the slags dur- 
ing equivalent times was less than the total sulfur 
removed by the Ca-Mn-Si alone. Disregarding the 
desulfurization mechanism the expected rate of sulfur 
removal would be higher at the higher sulfur level. 

However, the actual time of caicium reaction was 
only a fraction of the total time indicated in Table 1, 
meaning the faster desulfurization rate may be attrib- 
uted to the calcium reaction alone. The faster desul- 
furization rate of the calcium reaction and the addi- 
tional action of a basic slag as a reservoir for the 
sulfur removed by the calcium would be expected to 
produce most rapid desulfurization to optimum low 
sulfur contents. 


Chemistry 


Seventeen heats were employed in the experiments 
on the combination of calcium inoculation with a 
basic slag cover. Table 2 lists the final chemical 
analysis for each of these heats plus the charged 
weight and type of slag cover employed, while Table 
3 shows the sulfur content of each heat before and 
after inoculation with the calcium addition. 

It will be recalled from the procedure that the 
typical heats were inoculated twice, and that three 
chemical analyses for sulfur were taken, sample A 
before the first inoculation, sample B between the 
first and second inoculation and sample C after the 
second inoculation. In addition, a third inoculation 
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® Siritiet 
Fig. 3— Combined effect of 0.36 per cent total 
calcium and high slag basicity on final sulfur content. 


was conducted for the 1000 Ib heats. A D sample was 
then obtained after this third inoculation. 

Table 2 shows that sulfur levels as low as 0.002 
per cent were obtained. Chemical analysis of the fins 
that were tested for mechanical properties indicated 
that no reversion of sulfur had occurred during the 
pouring operation even though acid ladles were em- 
ployed. 

The gas analyses of selected casting fins in the as- 
cast condition are listed in Table 4. 


TABLE 4 





Nitrogen, Oxygen, 
Pp ppm 





$2 12 
45 12 
61 12 
51 6.4 
43 6.5 
74 18 
24 7.3 





Table 4 indicates the low level of oxygen in the 
steel. Prior deoxidation enhances desulfurization, for 
calcium tends to deoxidize in preference to desulfur- 
izing. The time the bath remained in the deoxidized 
State was a cause for concern, since the bath was 
susceptible to hydrogen and nitrogen absorption dur- 
ing this time. The values from the castings, however, 
are within the normal range. 

The effectiveness of the desulfurization practice can 
be emphasized by plotting final sulfur concentration 
versus initial sulfur concentration as in Fig. 3. A linear 
regression analysis of the plotted points gives the 
mathematical equation: * 


Stina’ = 0.261 Stoitia! (1) 


*Intercerpts for experimental equations are disregarded since 
they are trivial and have no theoretical significance. 


TABLE 3— VARIATION IN PER CENT SULFUR 
WITH INDIVIDUAL INOCULATIONS OF 
CALCIUM AS Ca-Mn-Si 





Chem. Analysis 
Sample S,% 


0.012 
0.006 
0.003 
0.003 
0.018 
0.013 
0.005 
0.024 
0.018 
0.008 
0.023 
0.013 
0.005 
0.023 
0.011 
0.005 
0.023 
0.013 
0.008 
0.014 
0.004 
0.002 
0.017 
0.009 
0.002 


Chem. Analysis 
Heat No. Sample 


S,% Heat No. 


0.015 10 
0.006 
0.003 
0.018 
0.011 
0.005 
0.009 
0.006 
0.004 
0.010 
0.006 
0.003 
0.007 
0.005 
0.002 
0.003 
0.002 
0.001 
0.010 
0.006 
0.006 
0.002 
0.017 
0.011 
0.003 
0.003 
0.014 
0.009 
0.005 
0.003 
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By separating the total amount of sulfur removed into 
the increments removed by each addition of calcium 
as shown in Table 3, a similar plot (Fig. 4) can be con- 
structed for the single additions of Ca-Mn-Si. Linear 
regression analysis of these data gives the mathemati- 
cal relation 


Stina: = 0.531 Sinitias (2) 
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Fig. 4 — Combined effect of individual calcium addi- 
tions and high slag basicity on final sulfur content. 
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Fig. 5 — Initial sulfur content and alloy elements effect on amount of sul- 

fur removed by each addition of calcium with a highly basic slag present. 





The slope of Fig. 4 is just slightly greater than 
twice the slope of Fig. 3. This is indicative of a multi- 
plying effect of the amount of calcium on desulfuri- 
zation, i.e., two one lb additions of Ca-Mn-Si will 
yield a final sulfur content equal to half that given 
by one lb of Ca-Mn-Si assuming equal initial sulfur 
contents. 

If the data plotted in Fig. 4 are reorganized in order 
to plot sulfur removed (S,) or Sinitia: — Stina: VS- Sinitia 
(line A in Fig. 5) the importance of initial sulfur 
content on the amount of sulfur removed is evident. 
As the initial sulfur content increases, the practice 
utilized removes more sulfur; i.e., more sulfur is re- 
moved as the thermodynamic activity of sulfur in- 
creases. The activity of sulfur is defined here as equal 
to the per cent sulfur multiplied by the activity co- 
efficient f, of sulfur. 

The thermodynamic relation regarding the effect 
of alloying elements and the effect of changes in 
sulfur concentration on the activity coefficient has 
been described in the literature 7.8-9 and is: 


log f, = 


8 Slog f, 
2°) 07,8) 


8 5 log ft, f, 8 log f, 
37,81) — (Mn) 


* 7) asi) 5 (Mn) 


8 Slog, 
(2°) sore * (3) 


Equation (3) is the form in which the effect of alloy- 
ing elements on the activity coefficient of sulfur in 
steel is expressed. The values of the appropriate de- 
rivatives are given in Table 5 as follows: 


TABLE 57 





Alloy Element 








The activity of sulfur was calculated using the val- 
ues of Table 5 and the approximate percentage of 
alloys in the melt at the time of inoculation. The 
effect of sulfur on the activity coefficient was neglect- 
ed in view of its low contribution. Line B in Fig. 5 
is a replot of the data of line A with percentage 
initial sulfur replaced by the calculated activity. The 
best straight line fitting the activity of sulfur (line 
B) has a higher correlation coefficient (0.90) than 
that for line A, which is 0.88. Therefore, line B is a 
truer relation than line A. 

Figure 5 may be helpful in determining the amount 
of sulfur removed from a pure Fe-S binary system 
where fs = 1. With the subject alloys present and an 
initial sulfur concentration of 0.021 per cent, one 
point of sulfur would be removed, as indicated by 
line A. In the binary system the same sulfur removal 
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would necessitate an initial sulfur concentration of 
0.026 per cent in accordance with line B. 


Mechanical Properties 
Table 6 lists the mechanical properties of the steels 
tested. 


TABLE 6 





‘Temper- 
Sul- ing 0.1% 0.2% Impact 

Heat fur, Temp., Y5., YS., TS, Elong., , (ft-lb) 
No. % F psi psi psi % % (-WF) 
Silicon Modified 4325 Steel 

11 0.005 400 185,750 195,400 239,000 116 398 205 
12 0.008 400 180,500 192,800 240,750 116 383 23.3 
13 0.005 600 184,900 192,500 227,400 12.1 444 159 
14 0.005 600 199,100 206,500 243,400 11.0 36.7 156 
15 0.008 600 188,100 195,900 232,750 112 396 15.1 
Silicon Modified 4340 Steel 

16 0.002 400 206,800 223,300 303,800 81 143 109 
16 0.002 600 217,000 233,600 282,400 80 184 8.4 

17 0.002 400 203,000 219,300 296,300 7.5 11.7 116 
17 0.002 600 220,500 236,500 284,000 74 18.1 7.7 








The steels possess considerable ductility and tough- 
ness at the high strength levels of interest. This ob- 
servation is reinforced by the broken tensile bars ex- 
hibited in Fig. 6. The cup and cone fractures dis- 
played are usually associated with steels at lower 
tensile strengths. In all cases failure was initiated 
within the bar rather than at the surface. This infers 
that flaws such as nonmetallic inclusions did not play 
an important role in the fracture process. Low sulfur 
levels minimize sulfides which tend to be elongated 
intergranular inclusions that do have a stress con- 
centration effect. 

The advantage of decreased sulfur content (0.002 
per cent) can also be shown by comparing mechani- 
cal properties of these steels with those of a typical 
silicon modified 4340 steel as a normal sulfur level 
melted and cast by conventional induction techniques. 
Such data are presented in the bar graphs of Fig. 7. 
All of the steels are at comparable strength levels 
and yet there is a definite increase in ductility and 
toughness at the low sulfur level. For example, in 
going from 0.017 per cent S and 0.38 per cent C to 
0.002 per cent S and 0.43 per cent C the improve- 
ment in per cent R.A. is greater than 50 per cent, 
while the impact strength at —40F is increased by 
approximately 45 per cent. 


GENERAL CONSIDERATIONS 


The low sulfur levels reached by calcium inocula- 
tion are attributable to three main factors: 


1) Increased aluminum deoxidation which consider- 
ably reduces the tendency for calcium to act as a 
deoxidizer. 

2) The chemical reaction of calcium and dissolved 
sulfur to form a stable sulfide. 

3) The presence of a basic slag. 


This slag serves many purposes in desulfurization. 
It behaves as a reservoir for sulfur removed by cal- 
cium because of the high solubility of sulfur in the 
slag. The high sulfur solubility in the slag also pre- 
vents reversion of sulfur into the metal. The slag con- 
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tributes to desulfurization of the steel also, but this 
role of the slag is rather complex and deserves fur- 
ther analysis. 

If it is assumed that sulfur removed by slag-metal 
reaction and sulfur removed by calcium reaction 
exist in the same form in the slag, the following 
kinetic analogy can be made. 


[S] > (S) (4) 
Ca(g) + [S] > (S) + (Ca) (5) 


Metal-Slag Reaction 
Calcium Reaction 


where [] denotes an element dissolved in the steel 
and () an element present in the slag as a result of 
the reactions. 

The rate of the simultaneous reaction involving all 
species is: 


Cfs 
e. | ] = k, Crs) + k,; Co, Crs) (6) 





where k = reaction rate constant and C = concen- 
tration. 


Assuming C,, is a constant, and k,C,, = k,’, 


y) we = (k, a4 k,’) Crs) (7) 


Setting up boundary conditions Cys; = S, at t = t, 
and Cys; = S; at t = t, and integrating 


—In Bs = (k, + k,’) (te —t,) (8) 
i 
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If (k, + k,’) (te—t,) is considered a constant, equ: 
tion (8) can be rewritten 


S, = S, X @ — Ks tks’) (te — to) (9) 


If the contribution of each reaction is considere:| 
separately, similar equations can be derived, 


ie = S, XK e*a(tse — to) (10 
S, = S; x en *s' (te — to) (11 


It is known that e-*+(te—%) and e-ks(tr—%) are both 
less than unity, since sulfur removal is obtained b: 
both reactions in equations (4) and (5). There 
fore, e~(k4+ks) (ty—to) is less than either term alone. 

In actual practice, there are two separate kinetic 
steps, since C,, is not a constant. During inoculation 
desulfurization occurs by the combined reactions of 
slag and calcium. The resultant desulfurization can 
be expressed in the form of equation (9). In the 
the period between. calcium inoculations, desulfuriza- 
tion occurs by slag reaction alone and can be ex 
pressed in the form of equation (10). 

Dependent on the time of calcium inoculation, the 
slope of the line expression S;, vs. S, will lie some- 
where between the slope e~*+(ts—*) for no calcium in- 
oculation and e~(ks+ks’) (te—t.) for continuous calcium 
inoculation. The value for this intermediate slope 
obtained experimentally in Fig. 4 is 0.531. 

The above reasoning points up an opportunity for 
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TEMPERING TEMPERATURES 


600°F 4O0°F 


600°F 400°F 


Fig. 6 — Typical tensile test fractures of low sulfur steels. First five samples from left are 
4325 steel; remaining four samples are 4340 steel. Tempering temperature, left to right — first 


3 samples — 600 F; next 2 samples — 400 F; 


next 2 samples—600F; last 2 samples — 400 F. 




















781 





























































































































3500007 
Shs HR 
jp —- J — 
TENSILE 0.1% YIELD L—% ELONG—+-—% RA-—t-— IMPACT —< 
asc | * 
6 x s 
4 N) ra 
N <u 
= 25Q000+ « Me 
# » = & 
: ‘ S 5 ee 
3 2oaoc0- . nA g o} 20.07 
z N . oe 
% 
SEIAII IR a 
> + 150+ 
Z 150,000- om Nn) : 9 5 
MN . 
5 ® N ries 
N re ra — 
: : . He 
is 1000004 & N Ee, aor 
> ® N «es 
Zz N z 
us N % ae 
Z 5 : 383 
~ 7 22s 
0 ) 
ai STEEL ANALYSES HEAT TREATMENT 
C | Mn} Si Ss o Ni Cr j}Mo AUSTENITIZE FURN COOL TO | QUENCH | DOUBLE TEMPER QUENCH 
CF | .38|.86) 1.11 | .017 |.010 | 1.95 | 1.27].28] 1600°F -SHRS |1400°F-2HRS| OIL 400°F - 7 HRS OIL 
(MMM) | -43|.84| 1.69 | .02 | .008 | 1.73 | .83|.26}1600°F - 1HR |1400°F- 1 HR oi | 400°F- 2HRS OIL 
[_] | 40 |.90 | 1.91 | 002 | 009 | 1.72 | .81 |.26| 1600°F -1 HR | 1400°F=1HR oi. | 400°F- 2HRS O1L 
43 | .84| 169 | .002 | .008| 1.73 | .83|.26| 1600°F- 1 HR |1400°F-1HR Ol. | 600°F- 2HRS OIL 
FF } 40 }.90| 1.91 | 002 | 009 | 1.72 | .81 |.26|1600°F- 1HR |1400°F- IHR | OIL | 600°F- 2 HRS ol 












































Fig. 7 — Sulfur content effect on ductility 
and toughness of high strength steel castings. 


further improvements in the use of calcium for de- 
sulfurization. If the bath is continuously inoculated 
with calcium the maximum desulfurization rate will 
be obtained in accordance with the combined re- 


: : S . 
action rate equation ge = eet Bed Oe O), One can 
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visualize a system for continuous inoculation of the 
bath with finely ground calcium alloy in an inert 
gas carrier. Accordingly, arrangements are now being 
made to conduct additional desulfurization experi- 
ments employing calcium in an inert gas carrier. 

This decision is not only based on the above kinetic 
evaluation but also on the results described in this 
paper wherein it has been shown that: 


1) Rapid desulfurization to a sulfur residual of 
0.002 per cent S is feasible by using a procedure 
consisting of deoxidation, a basic slag cover, and 
calcium inoculation. 

2) Mechanical properties of high strength steels are 
improved when sulfur content of cast steel is at 
the low residual value. 

3) Broken tensile bars of this high strength steel 
exhibit the ductile cup and cone fractures usually 
associated with low strengths. 


4) Approximately 10 min are required to desulfurize 
steel from about 0.025 per cent § to 0.002 per cent 
S employing the described technique. 
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CASTINGS FOR REPLACEMENT 
OF FORGINGS AND FABRICATIONS 
AT HIGH STRENGTH LEVELS 


by H. H. Harris 


ABSTRACT 


This report is given in three sections: 
1) Historical and contemporary items. 
2) Material properties, facts and misconceptions rela- 
tive to castings. 
3) Heat treatment of high strength steel castings. 
The author presents a “minimum package” of factors 
related to the evaluation of the casting process as op- 
posed to other methods of metal forming. An attempt 
is made to clarify some of the misconceptions held in 
regard to the casting process and so promote its use. 


HISTORICAL AND CONTEMPORARY 

This material is largely unpublished and hereto- 
fore unassembled. It is intended as a minimum pack- 
age of factors pertinent to evaluation of the casting 
process versus competitive processes. It is hoped that 
it may assist in clarifying some misconceptions and 
bring recognition to casting potentials. 

The findings and conclusions from three years re- 
search of U.S. and foreign casting processes and prod- 
ucts and development at high stress levels in aircraft 
and otherwise will be presented. Effort included re- 
search of literature, variously classified Government 
project reports and field research related to steel, 
high-alloy and light-metal castings. Many representa- 
tive organizations in all branches of U.S. and foreign 
casting industries cooperated. 

Other data of this report are from official reports 
of casting research and development and pilot pro- 
duction projects for the three branches of the armed 
services. Such projects, beginning in 1944 and cover- 
ing 12 years of work, and other concurrent and con- 
tinuing private industry projects, principally repre- 
sent extension of basic technology and original cast- 
ing philosophy, which have long been successfully 
applied to heat and corrosion resistant alloy castings. 
Included were techniques for control of structures, 
properties, grain size and factors affecting fatigue life, 
residual stresses and dimensional accuracy. 

One Government and one private industry contract 
included original design and advanced process de- 
velopment of gas turbine components in which all 
“heads” were eliminated. Airframe component proj- 
ects included: 
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1) Survey of airframes and missiles to select currently 
forged and tabricated components best adaptable 
to redesign and production as castings. 

2) Selection of best applicable advanced casting proc- 
esses. 

3) Redesign of selected components employing most 
advanced aircraft stress analysis and scientific cast- 
ing design. 

4) Pilot production of castings. 

5) Stress testing of cast components directly against 
forged or fabricated components which they were 
designed to replace. 


Extensive service proved castings design data pro- 
jecting the original concepts of integrating casting de- 
sign-process-metallurgy were contributed. Ceramics, 
controis and devices for implementing such concepts 
were employed. Two concepts, established on basic 
fundamentals and documented in theory, practice and 
hardware are integrated technology and structures- 
properties. 


INTEGRATED TECHNOLOGY 


Comprehensive integration of, specifically, casting 
design-process-metallurgy at the highest level of cur- 
vent knowledge and experience is a prerequisite to 
employment of steel castings at high stress levels 
(160,000 to 300,000 psi ultimate) for beneficial re- 
placement of forgings and fabrications. Conversely, 
the production of such castings from designs created 
for or simulating forgings and fabrications, in forms 
dictated by mechanical requirements of these differ- 
ent processes, is technically, logically and economic- 
ally insupportable. 


STRUCTURES-PROPERTIES 
L. A. Danse, recently retired Supervisor of Process 
and Materials Committee of General Motors Corp., 
and official General Motors Corp. representative on 
the Advisory Committee of the Air Force Casting Po- 
tentials Project said: 


“Metal is a crystalline aggregate. The size of the 
crystals, their arrangement and configuration con- 
stitute metal structures. Metal structures resulting 
from all related process and heat treatment de- 
termine physical properties in a given analysis.” 
From this hypothesis, the effective distribution of 
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structures-properties in relation to the known loads 
and stresses in a given configuration is the logical 
approach toward ultimate strength-weight in any met- 
al-forming process. The casting process alone has in- 
herent advantages in production of multidirectional 
structures-properties and their selective distribution. 

It should not be inferred that advanced castings 
shown represent unproved theory or laboratory-scale 
production. The projects were unique and unprece- 
dented as to scope of facilities, all of which were of 
moderate to sizeable production scale. Much equip- 
ment was designed and built or substantially altered 
on the project. Typical items of advanced equipment 
were: 


1) Complete ceramic milling and processing equip- 
ment of all types of true ceramics calcined and 
pseudo -ceramics (chemically bonded _ slurries) 
(Figs. 1-4) 

2) Hydraulic and mechanical molding presses up to 
500 tons for coining or dry-pressing ceramic, silica, 
graphite and other mold materials (a 100-ton 
press with automatic feed can produce 20 self- 
coping 9x12-in. molds or cores per min) (Fig. 5). 

3) Casting machines, capable of simultaneously cen- 
tripetally casting four hundred 9x12-in. molds, 
fewer molds up to 4x6 ft In assemblies, and single 
molds to 7-ft diameter, with controlled atmosphere 
or vacuum. 

4) 20 mc mechanized dielectric machine, 85 kw. 

5) Metal temperature and flow record (Fig. 6). 

6) Induction equipment for heating selected mold, 
gate and head areas. 


Metallurgical, stress testing, ceramic and photo- 
graphic laboratories and a toolroom for large pre- 
cision pattern dies were installed (Figs. 7-12). 


Aircraft, Ordnance and Naval Castings 


About 90 per cent of the historical record of cast- 
ings in beneficial replacement of high stressed forg- 
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Fig. 1 — 340-lb N-140 
nickel-chrome-cobalt alloy 
gas turbine rotor blank, cast 
in Y%-in. section mold 
through %-in. orifice. Note 
fine grain. 


ings and fabrications relates to large and small vol- 
ume production of air engine, airframe and ordnance 
castings and pilot development (Fig. 13). Lack of 
current interest in aircraft or ordnance castings 
should not obscure the fact that all proved theory 
and practice demonstrated on defense production 
and casting projects are broadly applicable to the 
production of. advanced castings in thousands of other 
applications and in new, more profitable markets. 
If the casting industry is to keep pace with the 
well established and expanding trend of improving 
engineering and function through efficient strength- 
weight in all types of structures, machines and de- 
vices, it should recognize and effectively employ ad- 
vanced technology that is currently available. Apart 
from the most profitable potential of castings as forg- 
ing and fabrication replacement at 200,000-300,000 
psi ultimate, consider the competitive advantage of 





Fig. la — Cultivator disc, 24 in. diameter by %-in. 
wall section steel casting duplicating standard disc 
analysis. 





Fig. 2— Ceramic items employed in advanced casting 
process. Note 1-in. thick mold at right cut in two sec- 
tions after 340-lb casting was poured. (upper left) 


Fig. 3 — Section through continuously poured bi-metal 
railroad steel car wheel with 70 carbon flange blended 
to low-carbon hub. A \-in. section ceramic core was 
used as in hollow hub. (above) 


Fig. 4— Section of as-cast steel jato nozzle and 
ceramic mold assembly employed. (left) 


Fig. 5— Coined (powder-pressed) ceramic molds and cores with core die and test mold 
assembly. Up to 50 molds can be produced per min. Hundreds can be poured simultaneously. 
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Fig. 5a — Coined 
ceramic molds 
travelling through 
dielectric machine. 


Fig. 55— Nine by 12 in. coined ceramic molds and 
pattern die. This can be operated manually at 6 
molds/min, which can be increased to 20 molds/min by 
mechanized feeding. 


Fig. 6 — Metal 
meter suspended 
between crane 
hook and ladle and 
continuously re- 
cords metal tem- 
perature in ladle 
with radiation im- 
mersion tube, spot 
checks by thermo- 
couple, pouring 
time, weight and 
rate. A _ special 
camera _  photo- 
graphs __srecorders, 
scale and clock. 


Fig. 7 — Stress testing of advanced design and process 
steel and light metal castings against aircraft forgings 
and fabrications was conducted as casting facility. 
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Fig. 8— Comparison of cast and forged (left and 
right) bomb hooks. Cast (center) bomb hooks (speci- 
fied 220,000-240,000 psi ultimate) failed at over 
283,000 psi ultimate. 
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Fig. 9 — Compari- 
son of original air- 
craft forging de- 
sign and redesigns 
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Fig. 10 — High strength steel casting compared with 
forged and fabricated fighter aircraft landing gear fork. 








Fig. 11— Built-up assembly of steel B-17 aircraft 
motor mount. A costly fabrication of moderate strength. 











Fig. 12 — Proposed casting of B-17 motor mount. A 
one piece \<-in. wall section casting approximately 6 ft 
long with thimbles welded through core and attachment 
holes. Projected cost reduction over 75 per cent. 





Fig. 13 — Cast aluminum aircraft landing gear forks 
which beat 38 per cent heavier standard production 
forged forks on official tests indicate broad application 
of integrated casting-design-process-metallurgy. 





no * 42 o-_—- A A 





















rolled flanges. 










castings with 25 to 70 per cent weight reduction and 
over 50 per cent strength improvement, not to men- 
tion reduction or elimination of machining. 


World War II Casting Production 


The Germans undertook long-range planning of 
aircraft and ordnance design and production to ef- 
ficiently employ and extend the benefits of the cast- 
ing process to producing castings for both beneficial 
replacement of forgings and fabrications and alterna- 
tive use. They demonstrated that steel castings of 
thin sections could be produced in large sizes (Figs. 
14 and 15) as well as in the general hardware and 
chain applications where malleable iron usually is 
employed in the United States. 

The U.S. Government did not recognize or plan 
for castings as forging replacements or as an alter- 
nate supply prior to World War II, with the prin- 
cipal exception of pre-war pioneering in centrifugal 
casting by the Army’s Watertown Arsenal and the 
Naval Gun Factory. The late General T. C. Dickson, 
reporting on his centrifugal gun castings at Water- 
town Arsenal, 1930, outlined the advantages of cast- 
ings over forgings, in part, as follows: “l) Higher 
tangential tensile and Charpie properties for the 
same composition; 2) pipe and shrinkage cavities in- 
herent in ingots eliminated; 3) can be coldworked to 
about twice the bore enlargement permissible with 
forgings which enables the weight of the gun to be 
reduced and retain the same strength; 4) economics; 
less than half of the raw material required to make 
the same number of guns; production time and cost 
greatly reduced, with less facilities required.” 

When the breakdown of forging supply threatened 
disaster to aircraft and other defense production, a 
crash program of casting production was instituted, 
principally in captive foundries (Figs. 16 and 17). 
It is significant that more U.S. Aircraft steel castings 
were produced and beneficially replaced forgings in 
one day of World War II than were used by the U.S. 
aircraft industry in the year 1958. 

In combat, the rivets were shot out of fabricated 
tank armor into tank crews, and a production emer- 


Fig. 13a — Ten in. 
diameter centrifu- 
gally cast steel 
pipe with hot- 







Fig. 14— German World War II aircraft steel casting 
approximately 4 x 3 ft, cored I-beam section approxi- 
mately %4-in. with approximately 140,000 psi ultimate. 


gency developed. The casting industry expanded into 
tank hulls and turrets. 

“The best tank armor, the best armor piercing 
shells and the best gun barrels that fired them were 
cast. Had we had time to plan the job, they would 
have been much better,” said the late G. Vennerholm 
of Ford Motor Co. 

The British employed castings in a wider variety 
of aircraft applications and did substantially more 
development than the U.S. in World War II. They 
have continued substantial production and develop- 
ment. Results may be summarized in the British state- 
ment: “The results of mechanical tests on the cast- 
ings substantiate the claim that they are at least equal 
to those of the highest grade wrought products.”’* 

Canadian Ford produced steel castings which re- 
placed forgings in British aircraft and military ve- 
hicles long before the United States entry in World 
War II. The late Peter Blackwood, who built and 
directed the Canadian Ford foundry, was interna- 
tionally recognized for his casting achievements. He 
cast hundreds of currently forged items in large and 
small volume production and in sizable experimen- 
tal runs. Aircraft cylinder barrels and automotive uni- 





*From a paper by J. Taylor and D. H. Armitage of the David 
Brown Foundries Co., Penistone, England (May 1950). 





Fig. 15 — German World War II aircraft steel casting 
of more advanced design eliminating T’s, webs and 
knee braces. Approximately 60 x 10 in. with approx. 
140,000 psi ultimate. 








Fig. 16 — U.S. World War II centrifugally cast high volume production 
landing gear cylinders for B-24 bombers benefically replaced forgings. 








Fig. 17 — Superior multidirectional properties of U.S. World War II steel air 
engine cylinder barrel castings indicated by hydrostatic tests, against forgings. 








Fig. 18— One of Canadian Ford’s Christmas tree 
multimold assemblies centrifugally cast to forging 
metallurgical specifications. 


versal joint components are typical of many castings 
produced on three “merry-go-round” casting ma- 
chines, each with 21 spinners which ran 24 hr (Fig. 
18). Metal molds with and without sand cores were 
used. Small and pilot production included rock bits, 
oil well drill bits, broaches, milling cutters and 
widely varied automotive parts, including gears (Figs. 
19-21). 

French steel castings in forging replacement are 
unimpressive, compared to achievements of a French 
aircraft landing gear manufacturer’s captive foundry 
which produces cast light metal landing gears for 
supersonic jet aircraft. 

It might be assumed that castings were discarded 
for technical or economic considerations in airframe 
design and defense planning following World War 
II. This has no basis in fact. It is true, however, that 
the steadily increasing speeds, loads and stresses of 
modern aircraft, as well as the strength-weight re- 
quirements in modern design, generally, have made 
obsolete traditional casting design. Castings for use in 
the 200,000 to 300,000 psi ultimate strength level 
with predictable uniformity and fatigue life require 
advanced design and practice. 


Current Aircraft Steel Casting Developments 


The term “aircraft quality castings” defines noth- 
ing but the end use of the casting—no quality factors 
apply which were not established in World War II. 
These are high integrity castings—those castings 
which include uniform structures-properties and are 
free from micro-contaminates occluded to grain 
boundaries. 

The interest of the steel casting industry in air- 
craft casting orders or subcontracting to aircraft prime 
contracts on casting research and development proj- 
ects is now largely negative. Objectives on the cast- 
ing potentials projects were drastically reoriented. 
Prime contracts were taken from casting industry spe- 
cialists and new contracts were awarded to the air- 
craft industry. 

A principal negative technical factor is the en- 
forced casting of designs simulating forgings or fab- 
rications. Such designs offer minimum chance of pre- 
dictable performance as castings in high hardenabil- 
ity steels for forging and fabrication replacement at 
high stress levels. 

It should not be inferred that dedicated, techni- 
cally cognizant Naval officers and engineers who 
perceived a potential in upgrading castings for forg- 


Fig. 18a — World War II British gun carrier sprocket 
castings. Alloy steel centrifugally cast with return flow 
gating in multiple molds by Canadian Ford. 








Fig. 18b — Cast alloy and tool steel oil well 
bits, milling cutter and broaches from Canadian 
Ford. 





Fig. 19 — Packard gas turbine rotor rim with cast-in 
blades in N-155 alloy passed test in engines. 





Fig. 20 — Hypodermic needle cold drawn from 5- 
in. diameter centrifugally cast stainless steel tube. 




















Fig. 21 — Fine grain cast stainless steel 


tube and machined part. This is the same type cast 





rough machined tube spun cold with 70 per cent or more reduction by flow-turning process. 


ing-fabrication replacement in many applications, or 
technically qualified Air Force and Army Personnel 
who sponsored projects extending casting potentials 
effort, have altered their convictions as to the need 
for continuing casting development or its potent po- 
tential. Many aircraft engineers, the men who ac- 
tually design airplanes, feel that casting potentials 
have been soundly established by pilot production 
and tests conducted. Government and other casting 
sponsors believe that: 


1) The casting process, alone of all metals-forming 
processes, has not been developed and employed 
in close proximity to visible limitations. 

2) The casting process offers superior multidirection- 
al properties, and many unique engineering ad- 
vantages in attainment of optimum strength- 
weight. 

3) Metal “born to form” has less inclination and 
greater resistance to deformation than metal bent 
or beaten to form (Figs. 22-26). 


Casting inherent advantages include: 


1) Greater range of producible forms and sizes with 
the manifest benefits of metals continuity in load 
and stress distribution and thermal conductivity. 

2) Production of strength inherent forms such as con- 
toured, cored and tubular forms in sections tap- 
ered proportional to load, are difficulty or impos- 
sible to produce (Figs. 27-28). 

3) Range of metals composition which challenges the 
metallurgist as the freedom from the limitations 
of forging and fabrication mechanics and the geo- 
metrical movements of machine tools. 

4) Economic and time savings of producing metal 
forms to, or in close approximation of, final form 
directly from raw material, by one process, under 

one roof, broadly include savings in facilities, tool- 

ing, lead time, transport, power and labor. 


If men now responsible for the advance of the 
casting industry take time to obtain necessary per- 
spective of available technology, and of the positive 
and negative factors affecting advance of casting proc- 
esses toward limitless potential, they will accept the 
challenge. 


ORIENTATION 


Reports of Government financed casting develop- 
ment and pilot production projects are, with few ex- 
ceptions, rarely circulated to foundries. For example, 
most of the copies of the Air Materiel Command, 
U.S.A.F. Casting Project reports have generally been 
given to the Aircraft Industries Assoc. A.I.A. circu- 
lates them to aircraft companies with captive found- 
ries, to those having or seeking casting research and 
development projects, and to others in their industry 


Fig. 22 — Clock 
which kept time 
at 2000F at a 
1928 metals show, 
made from wax im- 
pregnated wooden 
patterns by French 
print-back clay 
sand molding proc- 
ess. 








Fig. 23 — Heat resistant alloy castings, salt pot, gas turbine shroud and hol- 
low compressor blades, 4 oz to 360 Ib cast without heads, bobs or feeders. 


Fig. 24 — Eighty-four 14 Ib each high alloy castings 
simultaneously cast centripetally. 


Fig. 25—— Sixteen in. diameter integrally bladed, 
shrouded 79 blade Naval steam turbine rotor after 
rough cut. 











Fig. 26 — Ten ton, 18 x 24 ft stainless steel plaque in 





Rockefeller Center (New York) is assembled from 
seven sections. Largest section has 21 ft surface 
measurement and mating sections held to 149-in. as-cast. 


indicating special interest. Representatives of foreign 
Governments learn of projects through Government 
publications, and often obtain copies of reports from 
the Services of microfilm copies from the Library of 
Congress. 

If the potentials of castings in aircraft and all other 
comparably stressed structures are to be realized, it 
is vital that those factors which control design appli- 
cation be clearly understood. The metallurgical fea- 
tures which govern usable design strength and stress 
levels are of paramount importance. Castings cannot 
be used to their capacity, and designers cannot create 
more efficient structures with them, until the limi- 
tations imposed by historical misconceptions are re- 
moved. 





Fig. 27 — Alloy steel I-beam forging, finished aircraft 
landing gear component and tubular form %-in. wall 
section casting of high strength-weight. Over 200,000 
psi ultimate strength, produced in sand and ceramic 
molds. 


Most of the misconceptions as to suitable metallur- 
gical design criteria for castings originate from at- 
tempts to oversimplify properties of metals into a 
form that a designer can conveniently insert into a 
formula for purposes of rough calculation. The con- 
ventionalized values used for these purposes are not 
always valid even for wrought products, but from 
long usage engineers have learned that they can be 
helpful in approximating structural conditions if a 
comfortable cushion is allowed for the unknown. 

One aircraft metallurgist! has commented that: 
“In working with many engineers and designers the 
author has frequently found them to harbor an 
amazing number of misconceptions concerning the 
properties of castings; in fact, it sometimes appears 





Fig. 28 — Example of tubular form casting redesigned 
from I-beam section forging. 
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that many of them are completely uninformed about 
casting processes in general.” Clarification of the mis- 
conceptions which create this condition is essential 
to better understanding. 


ALL METALS ARE CRYSTALLINE 
AGGREGATE 


The fact that all metals are essentially crystalline 
aggregates is seldom appreciated by designers. All 
metal products, regardless of the nature of the in- 
termediate operations performed or their final con- 
figuration, originally start with the operation of pour- 
ing molten metal into a mold. If the solidified metal 
is used in the end product without changing its 
shape substantially, it is called a casting. If, however, 
the original solidified metal is subjected to a series 
of hot and/or cold deformation operations, the prod- 
uct is usually identified commercially by the last such 
operation performed—its start as a casting (an ingot) 
is forgotten. 

It should be remembered that in all cases the final 
form still is a crystalline aggregate, and the engi- 
neering utility of such final form is affected by the 
total processing history of the collection of crystals 
that together make up the mass. In each instance the 
properties of the end product reflect those of the orig- 
inal solidified crystalline aggregate. In a casting, the 
useful properties can be modified to various degrees 
by thermal treatment, or certain other processing op- 
erations. 

For wrought products, the crystalline properties 
can be additionally modified by the deformation op- 
erations applied. Such additional effects can be ben- 
ficial or harmful in detail or in total, and with in- 
finite variations. The degree of property change de- 
pends largely on the homogeneity of the original 
casting or ingot. In all cases, for both cast and 
wrought products, the final properties of the crystal- 
line aggregate do not just happen—they are created. 
Only to the degree that they are understood and 
controlled can the optimum potential of the final 
form as an engineering structure be realized. 

In particular, it should be noted that the crystals 
produced upon solidification are frequently im- 
paired, rather than benefited, by subsequent defor- 
mation. Castings have no inherent inferiority stigma, 
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Fig. 29 —- Comparison of nominal and true stress-strain 
curves for S.A.E. 2345. Oil quenched and tempered. 












and with sympathetic application of recognized fund... 
mentals the potentials of a properly controlled a 
cast crystal structure can be realized. 


TENSILE TEST BAR AS AN 
ENGINEERING STRUCTURE 


Practically all design criteria used in aircraft, an 
in design calculations generally, are derived from dat: 
received from simple tensile test specimens. Such dat: 
are of limited value in determining the structura 
adequacy of all metals. However, as applied to cast 
ings usage it has the added fault of deviating furthe: 
from facts, and to this extent unnecessarily penalized 
effective casting design. A brief review of the prop 
erties of metals measured by tensile test specimens 
should clarify this point. 

One authority? has observed that: “Designers of 
machines and structures, wherein very efficient us¢ 
of material is required, should appreciate the limi- 
tations of the results obtained from the usual me- 
chanical property tests.” Another? has noted that: 
“The tensile test is given credit for being more use- 
ful than it really is, especially when the yield 
strength is not measured, and only the tensile 
strength, elongation, and reduction of area are re- 
ported. The tensile strength bears little if any more 
relation to safe loads in a structure than does hard- 
ness.” It would appear that the aircraft designer 
either needs more precise data, or must depend upon 
the use of safety factors greater than would other- 
wise be needed to offset the limitations of values 
now used. 

“The mechanical behavior of a metal in the simple 
tension test is usually described by reporting values 
for five ‘properties’: elastic modulus, yield strength 
or yield point, tensile strength, total elongation in 
some fixed gage length, and reduction in area. In 
the design of machines or structural members only 
the first two have any quantitative significance.” 
The author* of these words is accurate from an en- 
gineering standpoint, but may not realize the influ- 
ence that the other properties exert an aircraft design. 

If we take these five properties separately, and look 
for their true meaning, the effects of their usage for 
limiting casting stress level may be clearer. Figure 
29* compares nominal and true stress at strain curves 
for a sample wrought steel test bar heat treated to 
270,000 psi by the usual aircraft nomenclature. Ac- 
tual true stress at fracture is about 375,000 psi. How- 
ever, the 270,000 nominal value is of little interest 
also, since* ““The maximum load is not of much use 
to the designer, as it is the load just beyond which 
the specimen is necking down, No structure is over- 
loaded in simple tension to the point where necking 
down begins, if the designer can help it. Even if neck- 
ing down does occur in a structure, it will not hap- 
pen at the same point that it does in the tension 
test, unless the loading happens to be simple tension, 
without notches or changes of section or bending.” 

Another writer® notes that: “The old practice of 
using the five quantities reported from the tensile 
test in calculations relating to working structures con- 
tains an implicit assumption that the effect of geom- 











etry on these quantities may be ignored.” In other 
words, the values obtained on test bars may not nec- 
essarily be valid for structures. 


Structure Stresses 


The stresses existing in typical structures are ex- 
emplified in familiar form in Fig. 30.3 In only one 
case, simple tension, does the illustration resemble a 
test bar. This is the reason why:* “The tensile 
strength of a metal has only relative value and most 
infrequently is used as a design constant. True, it is 
often used, with a safety factor.” 

The yield point stress is a different matter,* since: 
“These measures of strength are significant because 
they are the practical measures of the elastic limit of 
a material and it is implicit in most design work that 
the material shall behave elastically.” This, of course, 
applies to yield strength significance as an engineer- 
ing value, and it is understood that geometrical and 
other effects previously mentioned must be con- 
sidered. 

Caution must also be used in other extensions of 
yield strength values? since: “One of the well-known 
assumptions often made by engineers is that the yield 
point or yield strength in compression, of metal prod- 
ucts, is equal to the same property in tension; or 
that the transverse values are equal to those determ- 
ined longitudinally. In castings these assumptions are 
often correct within close limits, but in wrought met- 
al products there may be and frequently are appre- 
ciable differences.” 

Designers are also cautioned* that: “The equiva- 
lence of the tension and compression yield strengths 
is not observed if measurements are made on metals 
in the cold-worked condition. This results from the 
Bauschinger Effect.” Actual stress data for yielding 
are somewhat clearer in the shear strain energy cri- 


Fig. 31 — Graphical presentation of shear strain 
energy criterion for yielding, and common methods 
of obtaining various biaxial states of stress. 
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Fig. 30 — Principal stresses for a number of common 
combined stress systems. 


terion, shown in Fig. 31* but this also is incomplete 
for precise work in complex structures. 

In castings, the inaccuracies noted are supple- 
mented by other factors. These mostly relate to the 
macro and micro characteristics resulting from direct 
solidification to form, without subsequent major al- 
teration to the crystalline aggregate so produced. It 
has been shown how the structure and properties of 
separately cast bars cannot possibly be the same as in 
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actual cast components. It is also well known that the 
structures and properties of castings are usually at the 
highest levels at the cast surface, so machined test 
specimens do not represent the usable properties un- 
der structural load conditions. 

Depreciation of properties used for casting design 
is not justifiable when based on nonrepresentative 
data, and discourages improvements from casting 
process controls aiming at structure gradients. Meas- 
urement of local stress levels on components under 
actual or simulated service loads confirms that prop- 
erties are available substantially in excess of those 
supposedly predicted by conventional test bar prac- 
tices. 


DUCTILITY AND ELONGATION 


The elongation myth still persists. Because it is 
easily measured on tensile test specimens, specifica- 
tions require it for quality control purposes and ma- 
terials are rejected if some arbitrary value does not 
appear on test specimens. Designers, concerned about 
the possibility of brittle failures on structures from 
the action of complex stress systems, have tried to ob- 
tain some mental comfort by insisting on certain 
minumum elongation values, without realizing that 
such figures have no valid engineering significance. 

Cast products are often discarded from design con- 
sideration for the single reason that elongation test 
results may not be comparable to the values associ- 
ated with longitudinal test specimens from wrought 
products. A more rational concept of actual ductil- 
ity requirements is needed. 

One engineer* observes that: “At the present time 
there appears to be no rational quantitative basis for 
insisting on a certain minimum elongation or reduc- 
tion in area value for material which is to be used 
in a structure which is expected to behave elas- 
tically.” Typical load-extension curves for metals 
which show characteristic uniform deformation in 
yielding, as contrasted to other metals yielding lo- 
cally with formation of Luder’s lines, are given in 
Fig. 32.4 Since neither condition exists in structural 
design until the part has ceased to behave elastica.ly, 
it is difficult to understand how data obtained from 
such behavior can be applied to design. 


Factual engineering evaluation is represented by 
the statement®: “Many specifications demand high 
values for elongation and reduction of area, although 
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normal service could not endure one per cent of 
plastic deformation, and even when normal servic: 
demands a slight local ability for plastic adjustment: 
to distribute load in an imperfectly matched struc 
ture, as in a riveted bridge or in nonaxial loading 
under tensile stress, this local adjustment will prob 
ably not exceed one per cent.” 

The necessity for some ductility to permit loca! 
plastic deformation for stress distribution, particular- 
ly in the presence of design stress raisers, is recog 
nized. Ductility is also needed to permit deforma 
tion without fracture under nonuniform thermal! 
loading. However, test bar elongation values do not 
necessarily predict behavior under such conditions. 
Ductility is an important requirement for metal sub- 
jected to forming operations, but as shown in Figs. 
33 and 34,7 a typical material can exhibit various 
elongation values before fracture, depending on the 
nature of applied stresses, and the presence or ab- 
sence of notches. 


Casting Elongation Values 


Elongation values obtained on tensile specimens 
for cast products are subject to the same geomet- 
rical, crystalline structure and other aspects noted 
for tensile and yield strength values. Since castings 
are relatively free from the directionality of wrought 
products, conventional test values for elongation are 
apt to be lower than longitudinal values for compar- 
able wrought products. The usually inferior trans- 
verse elongation values for wrought materials are 
rarely published, because of erratic behavior and also 
because of the impracticability of making such test 
specimens from most wrought forms. 

Extended usage of castings in aircraft requires elim- 
ination of such meaningless material property values 
from design criteria, and employment of more rea- 
listic material evaluation concepts. 

Sometimes properties other than elongation are 
used by designers in efforts to obtain assurance of 
structural ductility. Such test data values include re- 
duction of area, bend tests, Izod and Charpy impact 
tests, notched tensile specimens, etc. All such tests 
give the materials research or quality control engi- 
neering comparative data on effects of metallurgical 
processing, but, as in the case of elongation, do not 
provide information suitable for design criteria. 

An aircraft engineer has noted that: “Whether or 
not a high impact strength in any aircraft material is 





Fig. 32 — Load extension diagrams in tension. The 
load is usually load per unit of original area of cross- 
section, and the extension is usually extension per unit 
of original gage length. 
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Fig. 33 — Elongation data on low carbon rimmed steel 
sheet. 


as important as the design of the part (or other ex- 
traneous circumstances) is debatable.” The literature 
is replete with discussions of such properties, but few 
have attempted to assign quantitative values to them 
for structural design purposes. 


TRANSVERSE PROPERTIES AND OTHER 
DIRECTIONALITY ASPECTS 


One of the truly important design aspects of metals 
application to aircraft structures is that of direction- 
ality properties. An understanding of such proper- 
ties is necessary to the designer in working with met- 
als producers, in order that possible adverse results 
can be minimized. A realistic appreciation of direc- 
tional phenomena will also emphasize the favorable 
position of castings, since they inherently have fewer 
vagaries in this respect than in the case for most 
wrought products. 

Figure 35 shows the typical production cycle char- 
acteristic of all wrought products. After the cast in- 
got is cropped, the metal is subjected to the series 
of hot and/or cold deformation operations. The end 
product may be sheet, plate, forgings, extrusions, tub- 
ing, etc. In almost all instances, most of such work is 
applied in one direction. The result is that what- 
ever nonmetallic inclusions, metallic segregations, 
chemical variations and gas voids that were present 
in the cast ingot are stretched out in one direction. 

Such segregations create internal discontinuities 
which interrupt the smooth transfer of stress in 
planes perpendicular to their orientation. Ordinarily, 


Fig. 35 — Typical steel rolling process. 
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Fig. 34 — Elongation data on low carbon rimmed steel 
sheet. 


strength is not noticeably affected, but local ductil- 
ity and fatigue resistance may suffer severely. The 
degree of such effects are determined by the hetero- 
geneity of the ingot, and the nature and extent of 
subsequent deformation. 

In Fig. 36, the possibility of partially compensating 
such properties, by balancing direction reduction in 
different planes, is also illustrated. Some industrial 
applications requiring minimum directionality are 
processed in this manner, but it is impractical for 
most commercial wrought products. Its use for saw 
blades, disc harrows and armor plate is recognition 
of the attention needed to minimize hazards of low 
transverse ductility in applications where severe serv- 
ice abuse must be handled without failure. In many 
other uses of highly stressed wrought products, spe- 
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Fig. 36 — Location of tensile specimens in a typical large production aircraft alloy 41S-T6. Typical test results 
for the 11 locations at which specimens are shown in solid black indicate a variation in elongation from 1.5 
per cent at location one to 11.0 per cent at location 8C with both locations having the same yield strength. 


cial production techniques are worked out to reduce 
otherwise detrimental directional effects. 


Directional Effects 

Figure 36 shows directional effects observed in a 
typical large aluminum aircraft forging. Figure 371° 
illustrates variances in transverse and longitudinal 
ductility of seamless steel tubes expressed in terms of 
reduction of area. This study, resulting from exten- 
sive statistical analysis, shows the broader band char- 


acteristic of transverse properties at all strength lev- 
els. It also shows the increasing deviation in longi- 
tudinal and transverse values at higher strength lev- 
els. Both of these trends are important to designers 
concerned about usage of wrought products at higher 
strength levels. 

Castings are relatively free from directional effects, 
for the basic reason that they have not been sub- 
jected to the operations which create directionality. 
Among the numerous literature references is the find- 
ing on one aircraft steel casting investigation" that: 
“It is interesting to note that, although the forgings 
show somewhat better longitudinal properties, they 


Fig. 37 — Relationship between transverse and longi- 
tudinal reduction of area at various yield strength levels 
in a quenched and tempered seamless tube. 


are inferior in the transverse test. The average of 
both directions for the forging is the same as for the 
casting. The principal difference, therefore, is that 
the forging has directional properties which are ab- 
sent in the casting.” The results of fatigue tests con- 
ducted in this survey are shown in Fig. 38 for both 
standard and notched specimens. 

While these fatigue results are especially important, 
the same general conclusions are reached by an air- 
craft engineer! using static tests. He states: “The 
mechanical properties of cast and wrought material 
having the same composition and heat treatment are 
usually quite similar. This statement appears to be 
contradictory in view of the higher properties usually 
quoted for wrought alloys. However, those high 
properties given for wrought material usually repre- 
sent tests taken in the direction of working. These 
will normally be higher than cast properties; how- 
ever, properties of wrought parts tested in the trans- 
verse direction will be lower than those of castings. 
This points out one definite advantage of castings, 
and that is their uniform, nondirectional properties.” 

Development of cast steel shells in World War II 
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CYCLES TO FaiLURE 


confirmed the suitability of steel castings for a really 


severe application. A leader in this program! re- 


ported: “These cast shells have furthermore proven 
superior for their particular purpose to forgings of 
similar type, and the fundamental reason for this per- 
formance, no doubt, is to be found in the more or 
less complete freedom of directional properties inher- 
ent in the casting.” As aircraft designers are con- 
fronted with the necessity for designing for high 
strength levels, and high strain rates (which may ap- 
proach ballistic values), the greater emphasis on free- 
dom from directional effects will make this property 
of castings most attractive. 


INHERENT VS. CONTROLLABLE 
PROPERTIES 


The designer, who must depend on specification or 
handbook data for information on metal products he 
wishes to consider for structural use, must make de- 
cisions subject to the limitations of such data. Supe- 
rior mechanical structures are only obtainable with 
superior metal products. The information now pro- 
vided, and which he is usually forced to use, suffers 
from inaccuracy and misleading implications, thus 
perpetuating excessive “factors of safety.” In addition 
to more complete knowledge of basic fundamentals of 
those properties of metals which have actual design 
significance, the designer also needs better under- 
standing of the manner in which such properties can 
be improved to his advantage. 

Structures designed to handbook or specification 
values are inevitably inefficient. These values are 
for the lowest average material procurable on the 
open market from the lowest average producer. In 
practically all instances, substantially better products 
can be produced, with properties tailor made to as- 
sist design needs. Modern metallurgical treatments, 
residual stress control, favorable structures-properties 
related to service stress requirements and freedom 
from adversely disposed discontinuities, are all avail- 
able for utilization. The properties so obtained, how- 





ever, are not shown in regulations or handbooks; 
they are an engineering science parallel to that which 
creates mechanical forms. 

The important design consideration should be that 
usable metals properties are frequently subject to ad- 
justment and control—they are not necessarily inher- 
ent and invariable constants to be neatly inserted in 
formulas. Castings are particularly subject to major 
increments of improvement in usable properties. 
Many of the design aspects, metallurgical features 
and casting process factors, which have been demon- 
strated in castings produced (and for which technol- 
ogy is available) can open vast new markets for cast- 
ings not only in replacement of forgings and fabrica- 
tions, but on other products of advanced casting prac- 
tice, offering up to 50 per cent weight reduction over 
the conventional product. 


HEAT TREATMENT OF HIGH STRENGTH 
STEEL CASTINGS 


Any work aimed at production of high strength 
steel castings for applications normally limited to 
forgings must necessarily include heat treatment con- 
siderations. It is obvious that the same metallurgical 
principles which apply to the heat treatment of equiv- 
alent steel compositions in wrought form must be ap- 
plied. However, there are additional heat treatment 
aspects in the case of castings which are fundamental, 
and must be understood and proper procedures plan- 
ned and followed meticulously. Since these are out- 
side of the experience of most foundry organizations, 
some discussion may be desirable. 

For production of optimum properties on either 
forgings or castings complete austenitizing prior to 
subsequent heat-treating operations is essential. On 
forgings, it is customary to assume that the prior his- 
tory of the material has included a combination of 
heat treating and mechanical working operations suf- 
ficient to achieve structure uniformity. 

Therefore, the austenitizing operation is merely 
employed for the purpose of obtaining a uniform 
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temperature throughout the section and to accom- 
plish some minor degree of recrystallization after the 
last preceding operation. On castings, it is necessary 
to use the austenitizing treatment for whatever de- 
gree of homogenization and recrystallization will be 
necessary in order to obtain a structure equivalent to 
a forged part, in addition to this normal solution 
treatment. 

The precise heat treatment schedule necessary to 
accomplish this result will depend upon a) the ade- 
quacy of the metallurgical and casting practice em- 
ployed, and b) the section thicknesses and differen- 
tials. In the first place, it is obvious that the 
better the combined metallurgical and casting prac- 
tice employed, the more homogeneous the structure 
and the less subsequent treatment necessary. Simi- 
larly, thin sections will usually react more easily 
than thick sections, and gross section differentials will 
create their own problems. 


Double Normalizing 


For favorable conditions, where such items as gas 
turbine compressor blades of thin section have been 
cast with practices intended to achieve fine grain size 
and a good degree of homogeneity, a double nor- 
malizing treatment prior to the standard austenitizing 
practice has been adequate. In such a case the first 
homogenizing cycle would be in the order of 100F 
higher than the normal austenitizing temperature, and 
the second approximately 50F higher. Such treat- 
ments have been successful in achieving final metal- 
lurgical structures after heat treatment that were in- 
distinguishable from structure on forged comparable 
parts. 

It is obvious that no simple cycle can be defined 
applicable to all parts and material compositions. 
However, the objective should be to produce as fine 
grained and homogeneous an as-cast structure as 
possible, with subsequent heat treatment adjusted as 
necessary to accomplish the balance. 

It cannot be overemphasized that utility of high 
strength steel castings is determined by their met&l- 
lurgical structure. Heat treatment can only accom- 
plish a limited degree of modification of the as-cast 
structure. It is mandatory that all details of the casting 
process be directed at achieving the greatest possible 
degree of uniformity, meaning not only absolute 
soundness and density of metal, but also structure 
orientation. The homogenization treatments indi- 
cated previously are vital, but must supplement rather 
than substitute for complete control of the kinetics of 
metal solidification. 

It also is obvious that every possible metal composi- 
tion adjustment should be incorporated to help 
achieve the end result, and one such example is the 
well documented usage of a small percentage of vana- 
dium to assist in creating a smaller as-cast grain size, 
and also to accelerate the response to subsequent 
homogenizing treatments. Sometimes similar effects 
can be obtained by the use of complex innoculents. 


Surtace Condition 
A second heat treatment consideration which is 
extremely critical is that of surface condition, par- 






ticularly with respect to carbon variations compared 
to the subsurface strata. It is well known that car- 
bonaceous mold or core binders (such as shell mold- 
ing resins) can produce carburizing on the surface 
of castings, particularly low carbon steels. It is also 
well known that presence of air in molds and casting 
cavities, combined with moisture, are active decar- 
burizing agents. Many times castings are removed 
from molds at elevated temperatures, where exposure 
to air accelerates rapid decarburization. 

In any case, where the surface of a high strength 
steel casting is to be used without subsequent machin- 
ing, it is extremely important that heat treatment be 
adjusted to produce uniform metallurgical structure 
throughout the cross-section of the part, particularly 
at such surfaces. The procedures for accomplishing 
these results need no detailed review at this time, 
since they are well known by any commercial heat 
treating organization competent to deal with products 
of these types. However, they must be considered and 
applied judiciously to obtain results of a level con- 
sistent with the objectives. 

There are other heat treating considerations which 
are critical, such as balance of material hardenability 
with severity of quench, adequate stress relief at 
strategic intervals during machining, maximum pos- 
sible attention to control of residual stresses which 
might be result of improper straightening, and others. 
These obviously apply equally to both wrought and 
cast products, and are mentioned merely for the rea- 
son that they may not be familiar to all casting pro- 
ducers who might be interested in working on high 
strength steel castings. The fundamental considera- 
tion is the realization that any and all attempts to 
produce truly superior products must include the rigid 
control of all pertinent variables, and the heat-treat- 
ment aspects of high strength steel castings are a 
fundamental part of the total technology. 
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MALLEABLE STRAIGHTENING DIES 


A Panel discussion 








ABSTRACT 


This panel discussion deals with vari- 
ous aspects of production using malleable 
straightening dies. As the customer 
requires more rigid tolerances for his 
products, the melting, heat treating and 
finishing departments of the producer 
must have more rigid controls to produce 
an acceptable casting. The finishing de- 
partment must have proper straightening 
dies. Warped castings are caused by the 
hours the castings spend in the heat 
treating ovens, 
these castings must be straightened to 
customer specifications. 

Herein are discussed dies used for 
straightening: 


and before shipment 


1) Torsion bar anchor. 
2) Inter-axle rod. 

3) Side gear cover. 

4) Hay conditioner. 

5) Differential case. 

6) Reverse internal gear. 
7) Torus driven hub. 

8) Crankshaft. 

9) Rear spring seat. 

10) Shifter fork. 

A needle straightening machine for 
pre-straightening is also discussed. These 
castings come from the annealing ovens 
badly warped, and are pre-straightened 
before being hand set to a special gage. 








STRAIGHTENING DIES 


by Kay Hunsaker 
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TORSION BAR ANCHOR DIE 


Figure | is a schematic of a die for straightening, 
coining and broaching an automotive torsion bar an- 
chor. This die is used at one of the divisions of the 








author’s company. The die is made so that it will take 
either left or right hand castings. The section of the 
4 die on the left, as shown in section A-A, coins the two 
MEER EY end diameters of the barrel, straightens the arm and 

coins the spherical radius at the end of the arm. This 
spherical radius is coined by a tool steel machined 
ball. This ball is rotated as it wears to give us a con- 
tinually good surface. 

The section of the die on the right, as shown in 
section B-B, holds the casting in position while driv- 
ing the broach in the green sand cored hole to clean 
out any fins in this hole and to size it. Two castings 
are done in one pressing at approximately 275 tons 
pressure. The die is made of tool steel for all wearing 
parts, both oil and air hardening and mild machine 
steel for plates and back up parts. 

Figure 2 is a view of the die opened up with a left 
hand and right hand casting shown in the front of 
the die. The top section of the die which is in front 
shows the punching and coining sections for the 
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Fig. 1 — Schematic drawing of torsion bar anchor die. 
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Fig. 2— Open die and castings— torsion bar anchor 
die. 


tubes. The dies are, of course, interlocked by guide 
pins. The bottom section of the die which is in the 
rear shows the spherical radius block and also shows 
the guide block for the broach pin and stripper block 
on the right. 

Figure 3 shows the castings in the die and the die 


in the press, ready to operate. The press is a 300-ton 
fast traverse model. 


INTER-AXLE ROD DIE 
This second die (Fig. 4) is a die used at the same 
plant as above. The part is an inter-axle torque rod 
used to keep alignment on tandem axles for trucks. 
These parts run from 24 to 32 in. in length and are 
made both in malleable and pearlitic malleable. The 


Fig. 3 — Die in press — torsion anchor. 


die straightens the casting, rounds the inside of the 
two ends and coins the two ends for thickness. The 
first die made on this part contacted the arm com- 
pletely and the plant was never able to keep the 
castings straight so that the ends were in line with 
each other due to spring back in this long rod. 

In order to eliminate this difficulty the company is 
now using a bending action, as shown in section A-A, 
in which each of the blocks, 3 on bottom side and 2 
interspaced on the opposite side, overdrives ¥, ¢-in. 
This actually puts a slight wave into the bar and sets 
the casting. Note the two round pieces shown on 
each end. These bottom against each other, are used 
as stops to control the height of the coin dimension. 

Figure 5 is a casting, the bottom section of the die 


Fig. 4— Schematic drawing of inter-axle rod 
die. 








Fig. 5— Open die and casting — inter-axle rod. 


in front showing the three center blocks and the com- 
bination rounding plugs and coining stops on each 
end. The top section is the same except it has only 
two pieces in the center section. The base plates are 
again made of mild steel plate, and the pieces which 
wear are made of tool steel. This die can be used for 
2 or 3 different length castings by adjustment. 

Figure 6 is a view of the die and the casting in the 
press. If you look closely you will notice that this 
casting has been pressed and you can see the slight 
wave in the center section of the casting due to the 
setting action of the die. 


SIDE GEAR COVER 
This third die (Fig. 7) is used in another division 
of the author’s company, on a large tractor side gear 
cover. The part weighs approximately 350 lb and is 


Fig. 7 —~ View of side gear cover casting. 
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Fig. 6 — Die in press — inter-axle rdéd. 


approximately 30 in. long. This photo gives you a 
general view of the shape and size of the casting. 
The bottom view (Fig. 8) is an outline of the size 
of the die which is approximately 46 in. square. In 
the top view (Fig. 8), the head which contains these 


























At 
Fig. 8 — Schematic drawing of side gear cover. Dark 
areas for clarity only. 





Fig. 11— Loading casting in die — side gear cover. 


Fig. 10— Bottom die and casting — side gear 
cover. 


Fig. 12-—~ Front view of die in press —slde 
gear cover. 




















blocks with the adjustable pieces is shown. The cen- 
ter plate is a combination stripper plate and loading 
plate which is shown in Fig. 11. The bottom section 
contains a wedging section, as shown on the left, and 
the center fixed pieces which contact the dome of the 
casting. All the noncontacting parts are made from 
machine steel, most of the wear parts are made of al- 
loy steels of carburizing type with a few pieces of the 
small sizes made in oil hardened steels. 

Figure 9 is a view of the top section of the die 
which is made from a steel castingand then in- 
serted to wear points with alloy steels. On the latest 
die that the company built on this type, the back sec- 
tion (area to right side) of this was made a squeeze 
section. 

Figure 10 shows the bottom section of the die and 
inside of the casting. The four cast posts on the out- 
side are attached to the head of the press and are the 
means of lifting the combination stripper and loading 
plate. You will notice the inside wedges shown on the 
front side of the die. 
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Figure 11 shows the die in the open position with 
the combination loading and stripper plate raised. 
The block in the center of the figure is a lead block 
which is attached to the two angle iron arms which 
slides underneath the flange of the casting on each 
side. Using the lead as a counterbalance, the man is 
able to slide the casting into the die against stops with 
a minimum of difficulty and also to lift the casting 
out of the die. 

This (Fig. 12) is the front view of the press, again 
showing the die in the open position with the casting 
raised. It has been found that with this particular die 
the front wall sometimes comes out too far and is 
quite hard to bring back into shape. As a result, a 
squeeze section has been incorporated in the top of 
the latest die in which to press this area. The stripper 
plate is connected to the head of the press by the free 
floating bolts on each corner. You will notice that the 
die overlaps the bed of the press. As a result it was 
necessary to make the base plate from 8 in. steel 
stock. The die weighs approximately 414 tons. 





HAY CONDITIONER, 
CASE DIE, TWINE NEEDLE 


by L. E. Sutton 


HAY CONDITIONER — COLD COINING 


The schematic diagram (Fig. 1) shows the various 
important parts of this equipment: 


1) Die set. 

2) Upper coining plate — D3 Tool Steel. 
3) Tool bits — High Speed Steel. 

4) Coining drift — D3 Tool Steel. 

5) Coining stops — L6 Tool Steel. 

6) Lower coining plate — D3 Tool Steel. 


Die Function 


This die straightens and coins the part in one 
pass. You will note in the schematic drawing that the 
length of the teeth are being coined, coining the fe- 
male portion, coining the male taper and rounding 
up the part. The O.D. of this casting is 815% .,-in. 
(Root diameter of 634-in.). The teeth are coined to 
6.0132-6.0412. The male end of the piece is coined to 
6.345-6.355. The female end is coined to 6.355-6.365. 

The three lugs that appear on the male end ex- 
tend %,-in. above the casting. They follow the 15 de- 
gree taper up, the 14-in. dimension (which is the 
height of the male taper) and change to a 2 degree 
for the %,-in. length. This, of course, gives an inter- 
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ference fit in these three areas. These lugs are V 
shaped and on finished parts actually seat in grooves 
of the female end. As you can see, the pieces are as- 
sembled with one another. This interference fit is de- 
sirable as it tends to align the teeth much better and 
make for a more stable assembly. 

When a new coining plate is installed, 2500 pieces 
can be run over it before it is necessary to regrind. 
The plates are reground to the desired size. There is 
about 0.040 stock on the average to coin on the length 
of the teeth. There is 0.025-0.030 stock to coin on 
the male end. On the female end, there is not much 
coining as the pattern is made to allow for a smooth 
finish. 

The casting is gated with 12%,-in. pencil gates 
equally spaced in pairs around the male end. 

Also, there are six feeder risers 1144 ,-in. in diame- 
ter and 27%-in. in height. This is done by means of a 
dry sand core. The rest of the casting is made in 
green sand. The parting line is along the bottom of 
the 15 degree male taper where it is tangent to the 
teeth. Castings are made on a pin lift squeezer con- 
sisting of a two man arrangement. 


DIFFERENTIAL CASE STRAIGHTENING DIE 
Figure 2 is a schematic diagram of this die, show- 


ing: 
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Fig. 1— Hay conditioner — cold coining. 

































i) Top back up plate—cast steel. Function of Die 

2) Alignment arbor—drill rod. Essentially this die straightens the flange in rela- 
3) Upper adjusting shims—steel. tion to the hub or body. The part is free reamed in 
4) Upper adjusting alignment cone—L6 tool steel. order to remove any core fins and to generally clean 
5) Upper die plate—cast steel. up the cored hole. The clearance between the pin 
6) Upper pressure plate—D3 tool steel. and the reamed hole is around 0.010. 


7) Lower pressure plate—D3 tool steel. 

8) Lower die plate—cast steel. 

9) Lower adjusting alignment cone—L6 tool steel. 
10) Lower back up plate—H. R. steel. 

11) Lower adjusting shims—steel. 

12) Guide pins and bushings. 


The casting is positioned over the arbor in the bot- 
tom die. As the die is closed, the arbor protruding up 
seats in a bushing in the top half. The reaction from 
this pin and cone arrangement is satisfactory. 

The part weighs 17.6 lb and is cast of Malleable 
Iron. The O.D. is 914-in., one in. flange thickness, 
and height of 6154,-in. 





MALLEABLE /RON NEEDLE STRAIGHTENING MACHINE 
CSTG.WT. -ITELB. Place casting on table with bearing surface against 
HYD. STRAIGHTEN re : : ‘ 
4007 PRESSURE block B. Activate air cylinder A by turning lever /, 
a u and this clamps the needle through linkage C. Lever 
O Qe ® 2 activates air cylinder D and M to straighten casting. 





" 7 Air cylinder D through linkage E, F and G, and 

Y \WSHN\Yy LY guided by slots H and J, pull the casting against 

N \\V hardened radius blocks K through roller L. Air cylin- 

, NY V7 / der M overcomes the resistance of the force applied 

SS WN PP 

Th N by air cylinder D, and pulls roller L in groove the 

“st YN A\ length of the casting. Release air cylinder D and M 
. 7 ~ 


BS SKK 6) by lever 2. Release air cylinder A by lever / and re- 


a move casting. 
EN In this operation, the primary concern is pre- 
straightening the part. As you will note in Fig. 4, 
the castings coming out of the annealing ovens are 
warped quite badly. In this same photograph, you can 
see how effective the operation is by viewing the 
same castings after they have been subjected to this 
procedure. After this pattern was placed with the au- 
thor’s company, some method to eliminate all the 
hand straightening had to be devised. The machine 
shown in Fig. 5 is the combined efforts of several 
people to get the job accomplished. 
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Fig. 2 — Differential case straightenin 












































Fig. 3 — Needle straightening machine. 
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Fig. 4— The primary concern is in prestraightening the part. Left — cast- 
ings coming from annealing oven are warped. Right — after straightening. 


Fig. 5— Photo of needle straightening ma- 
chine shown schematically in Fig. 3. 
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As was mentioned, this machine is used to pre- 
straighten only, as the parts are hand set to a special 
gage before they are shipped. One of the greatest 
advantages of having a piece of equipment of this 
nature is that it sets the arc or radius with little or 
no hand straightening. 








As for tolerence, the radius of the needle is held to 
+0.125 up to with 9 in. of the point and hold the 
balance of the radius to +0.015. We are holding 
+0.030 in the flat plane of the part. This, of course, 
is with the heel of the piece clamped on an arbor 
that assimilates assembly. 





STRAIGHTENING FIXTURES FOR MALLEABLE 


AND PEARLITIC MALLEABLE CASTINGS 


by Robert E. Elsea 


INTRODUCTION 


This is intended to be a discussion of the problems 
encountered in designing straightening fixtures for 
two pearlitic malleable castings, the changes which 
were necessary before starting production, and the 
types of steels used. 

The two fixtures under consideration are: 


1) Hot straightening fixture for a reverse internal 
gear. 
2) Cold straightening fixture for a torus driven hub. 


REVERSE INTERNAL GEAR 


Figure | represents the original design of the re- 
verse internal gear fixture with the casting in the 
pressing position. Before this design was finalized, 
several decisions were made which directly affected 
the design. 


1) The part was to be straightened hot due to the 
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hardness range of the material. Brinell hardness 
number was 269-302. 

2) A 250 ton knuckle press, rather than a hydraulic 
press, was to be used due to the customer toler- 
ances which had to be maintained. 

3) Springs were not to be used for ejecting the cast- 
ing from the top squeeze inserts. This was due to 
the heat buildup in the fixture, with the result- 
ing loss of compression in the springs. 

4) The press knockout bar system was to be incor- 
porated in the fixture for ejecting the casting from 
the top straightening inserts. 


As is indicated in Fig. 1, this is a pearlitic malle- 
able casting weighing 5.41 lb, and is pressed hot in a 
250 ton knuckle press. 

The following parts of the fixture should be noted: 


1) Top cone. 

2) Bottom cone. 

3) Top outside squeeze blocks. 
4) Outside ejector pins. 

5) Inside ejector pins. 


a. PEARLITIC- 5.41 LBS. 
b. MECHANICAL -250 TON 
c.HOT STRAIGHTENING 


Fig. 1— Schematic drawing of reverse inter- 
nal gear fixture with casting. 













































































Fig. 2—-Schematic drawing of reverse internal gear 
fixture after redesign. 


6) Top holder. 
7) Bottom Holder. 


Steel Specifications 

The top cone (1), the bottom cone (2) and the 
top squeeze inserts (3) were made from DC-66 tool 
steel initially, because of the strength at elevated tem- 
peratures. This steel was hardened to Rockwell C 
58-60. This specification was later changed to the 
DC-33 type steel because of chipping and breakage of 
the harder steel. Due to the delay in delivery be- 
cause of the size of the steel, the specification was 
changed again to HWD-| steel. In both remaining 
cases, the steels were hardened to Rockwell C 50-52. 

The outside and inside ejector pins (4 and 5) were 
made from dull rod and were not hardened. The top 
and bottom holders (6 and 7) were made from a non- 
hardening cast steel. All other pieces which did not 
require hardening were also made from this ma- 
terial. Those pieces of the fixture which served only 
as wear surfaces were made from a carburizing cast 
steel. This steel] when hardened has an average Rock- 
well C of 58-61 with a 0.06 case. 


Fig. 3— Reverse internal gear fixture 
in opened position. 


809 


The top cone (1) was used for flattening the cast- 
ing as was the bottom cone (2); which also served as 
a locator block. The outside squeeze blocks (3) were 
to true up the casting diameters if out of round. 
The outside ejector pins (4) were to strip the outside 
squeeze blocks from the casting. As these pins moved 
down to strip the squeeze blocks, they contacted the 
bar which held the inside ejector pins (5) which 
in turn stripped the casting from the top cone. 


Fixture Redesign 

However, in the initial tryout of the fixture, it 
was found that the outside squeeze blocks were not 
properly straightening the casting. It was also noted 
that four high spots existed on the casting due to the 
inside ejector pins allowing the metal to remain at 
the prepressed position. Both of these items would 
have been unacceptable by the customer, and thus a 
redesign of the fixture was necessary. 

Figure 2 shows a schematic drawing of the fixture 
after the following changes were made: 


1) The outside squeeze blocks, along with the wedge 
blocks and wear plates were removed. 

2) The outside ejector pins were removed, and the 
inside ejector pins were moved in closer to the 
center of the fixture to strip the new inside 
squeeze blocks from the casting. 

3) The top cone was replaced by a squeeze cone and 
the squeeze inserts. 

4) The upper wear plate was replaced by a hardened 
plate which served as a gib for the inside squeeze 
inserts and as a flattener plate on the castings. 


After making these changes the fixture was ready 
to run production. 

In Fig. 3, the following parts of the fixture can be 
seen in the top holder on the left, the inside squeeze 
blocks with the cone gib in position. The flattener 
plate can also be seen, In the bottom holder, the bot- 
tom cone with the relief cut in for the squeeze cone 
gib, is seen. 

Figure 4 shows the fixture setup for a production 
run. The following procedure is used in running this 











810 





Fig. 4— Reverse internai gear fixture in press. 


fixture in production. The operator reaches to his 
right to pick up a casting with tongs. With the cast- 
ings coming out of the hardening end of the oil 
quench at approximately 1000 F, they could not be 
handled with gloves. After picking up the casting, the 
operator inserts it into the fixture at the same time 
knocking out the straightened casting. He then turns 
back to the right, hits the operating buttons and the 
casting is pressed. 
TORUS DRIVEN HUB 

The second fixture under consideration is a two- 
on cold straightening fixture for a torus driven hub. 
This part is used in an automatic transmission. Fig- 
ure 5 represents the original design of the hub fix- 
ture. In order to achieve the desired results the fix- 
ture was redeveloped twice. Before this design was 
finalized, several decisions were made which directly 
affected the design. 


1) Due to the fact that this is a small part, it was de 
cided to cold straighten the castings. The Brinell 
hardness number was 241-269. 

2) The parts were to be straightened two at a time. 

3) A hydraulic press capable of 500 tons was to be 
used. 


As is indicated in Fig. 5, this is a pearlitic malle- 
able casting weighing 1.89 lb and is straightened two 
at a time cold at 400 tons pressure. 

The following parts of the fixture should be noted: 


1) Bottom holder. 

2) Top holder. 

3) Bottom press block. 
4) Top press block. 


Steel Specifications 

As in the previous fixture, the bottom and top hold- 
ers were made of nonhardening cast steel. The bot- 
tom and top press blocks were made of carburizing 
cast steel, and were hardened to Rockwell C 58-61, 
with a 0.06 case. Carburizing cast steel was used, as it 
was felt that this type steel would stand up better un- 
der the pressures used than would a tool steel which 
was hardened all the way through. 

Initially, the top press block was serrated with an- 
nular grooves. This decreased the contact area on the 
castings, increasing the pressure/sq in., and thus 
increasing the effective straightening pressure. How- 
ever, after tryout, serrations were added to the bot- 
tom press block. It was found that the complete ser- 
rated fixture worked better than the original design, 
however, some warpage still existed. A new set of 
press blocks was made up with the serrations run- 
ning radially, that is, from the center out. However, 
it was found that this design was no more effective 
than the annular serrated fixture. 

Figure 6 shows the fixture as it is presently run- 
ning in production. The serration method of straight- 
ening was changed to the post stress center method 
of straightening. This method operated under the as- 
sumption that in order to set the metal, it first has 
to be moved past the stress center and then allowed 
to spring back. Assuming that this theory was cor- 
rect, the pressure points in the top press block and 
the reliefs in the bottom press block were on the same 


a.PEARLITIC- 1.89 LBS. 
b. HYDRAULIC - 400 TON 
¢.COLD STRAIGHTENING 
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Fig. 5— Schematic drawing of torus driven 
hub fixture with castings. 








































Fig. 7 — Torus driven hub fixture in press. 


Fig. 6— Torus driven hub fixture in 
opened position. 


radial point. With the serration method of straight- 
ening, the pressure points were on the same point. 

The post center method of straightening allowed 
the metal to be moved to a point where the castings 
were properly being straightened. In going to this 
method, new press blocks were made with %4-in. di- 
ameter straightening plugs inserted. These plugs can 
be seen on a diameter around the casting cavity. The 
top and bottom blocks were left as carburizing cast 
steel, but the straightening plugs were made of tool 
steel hardened to a Rockwell C of 52-55. 

Figure 7 shows the torus driven hub fixture set in 
a press for production. The following procedure is 
used in running this fixture. The operator reaches to 
his left and picks up two castings, prepositioning 
them in his hand. As the ram moves up, a limit 
switch actuates two small air cylinders which eject 
the castings from the fixture and return to the press- 
ing position. The operator then places the two cast- 
ings into the fixture and turns to the left, hits the 
operating buttons and the castings are pressed. 





CRANKSHAFT, REAR SPRING SEAT, TRANSMISSION FORK 


by W. L. Olsen, Jr. 


INTRODUCTION 


The straightening of malleable and pearlitic mal- 
leable castings is interesting and challenging to the 
personnel of the finish department. More and more 
the customer is requiring the melting, foundry, heat 
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treat and finish department to produce a product to 
more rigid tolerances. The finish department must 
have the proper dies to produce an acceptable cast- 
ing, since green sand molding methods have not 
been advanced, as yet, to hold tolerances of +0.0010 
in.; and in some cases, +0.005 in. Warped castings, 
caused by hours in the heat treat ovens, require the 
employment of dies for straightening. 















Fig. 1— Double die cavity for pressing crankshafts. 


Generally, the dies consist of five basic materials; 
mild steels, alloy steels, high speed, cast steel and 
pearlitic malleable. The mild steels are used as spacers 
or for mounting of the alloy steels, cast steel and 
pearlitic materials. The high speed steels are used 
mainly in the hot coining dies with special heat 
treatment, and for shear blades in gate removal. The 
special heat treatment given the high speed steel 
will be explained in the hot coining die section. 


DIE FOR STRAIGHTENING OF 
CRANKSHAFTS 


The casting is delivered to the hydraulic press in 
the pearlitic state, cleaned, and with a 241-269 Brinell 
hardness. The castings are pressed two at a time in a 
double cavity die, as shown in Fig. 1. The castings 
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are pressed across the parting line, and then they 
are both rotated approximately 90 degrees and pressed 
a second time. The tonnage used is 400 to 450 tons, 
depending on the size of press used. The employ- 
ment of 450 tons yielded straighter castings and 
fewer rejects at the gage for straightness check. After 
the straightening process the gates are sheared, and 
then castings gaged for straightness (must show 0.080 
R.LR. or less), sounded for cracks and inspected 
under a 4 power magnifying glass for other various 
casting defects. 

The eight blocks that come in contact with the 
castings are made of a proprietary air hardening, 
nondeforming, wear resistant die steel, with a hard- 
ness of 50-55 Rc. These are mounted to a 1l%-in. 
thick cold-rolled mild steel plate for holding the 
blocks and for mounting of the die in the hydraulic 
press. 

For some time, cracking of the die blocks, starting 
at the base of the grooves, was encountered. This 
problem was nearly eliminated by banding the die 
blocks to give additional backing, and then machining 
the die cavity 4,-in. larger on the diameter than the 
castings diameter. Boring the cavity ,-in. over size 
on the diameter was done to keep the over size 
castings from acting as a wedge on the edges of the 
die cavity causing the die to break. The die faces 
do not make contact to act as stops, but are relieved 
about \¢-in. per face so that all the pressure is ap- 
plied to the castings for more effective straightening. 
Examination of Fig. 2 will readily show the clearance 
around the two castings. 

Notice also in Fig. 2 the dotted line drawn on 
the back-up bars. These bars are machined with a 
taper so the tie bars can be prestressed in order to 
give better support to the die blocks. All crankshaft 
dies for the pressing of similar crankshafts are banded 
and machined in the same manner. 

One other problem was encountered in the pressing 
of these crankshafts. When the casting was rotated 
90 degrees for a second pressing, the counterbalance 
and gated tie bar were heavier than the throw, and 
the casting would rotate back to the initial pressing 
plane. To avoid this, a tension spring was placed in 
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Fig. 2 — Schematic 
shown in Fig. 1. 
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Figs. 3 and 4—two castings in the die for the two 
separate pressing operations. 
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the bottom half of the die (Fig. 1) so that the counter- 
balance of the crank would just rub against it. This 
slight friction holds the casting in the proper posi- 
tion for proper pressing. Figures 3 and 4 show the 
two castings as they appear in the die for the two 
pressing operations. 

COMPOUND DIE CAP — REAR SPRING SEAT 

Figure 5, left, shows the raw casting with its two 
gates. The casting on the right is die processed; that 
is, gates removed, 5 holes drifted to size and 
straightened. The die designed for this part was slow 
to take shape because the company was not quite 
sure as to what would happen to the drift punches 
and shear blades while the casting was being 
straightened to size. 

Keeping in mind Fig. 6, and the cross-section 
through the part, one will readily see why the die 
was designed with the floating drift pins and pivoted 
shear blades. If the warpage of the casting was such 
that the outside holes were closer together than they 
would be after pressing, the pins and blades would 
be required to float away from center in the 
straightening of the casting. However, if the reverse 
were true, the pins would have to move or float 
toward the center, with the blades remaining in the 
forward position against the front stop, both before 
and after shearing of the gate. Both of the above 
requirements of the die were handled by designing 
the die so that the drift pins and blades could both 
move to prevent their breakage. 

With reference to Figs. 6 and 7, the die operation 
and extra features will be explained from the punch 
holder down through the die shoe. To keep proper 
alignment one can readily see why a die set. was 
employed. The punch and blade holder block had to 
be made extra thick for two purposes: 1) the drift 
pins had to float and flex a small amount. So that 
the drifts could bend, they were given some length; 


Fig. 5— left— raw casting with two gates; 
right — die processed casting. 
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Fig. 6 — Schematic of die used for casting shown in 
Fig. 5. 




















2) the shear blades needed a heavy pivot point and a 
block to give side support plus guide its movement 
back and forth; also to stop and support it in the 
forward position. This holder block had to take the 
thrust of the shearing force. It is made of mild steel. 
The drift pins were made with a head twice the 
diameter of the pins so that the upward force from 
drifting the finned green sand-cored holes to size 
(5-in. dia.) would not bury them in the punch 
holder; and to retain them in the punch holder 
block. These drift pins are made of the previously 
mentioned proprietary die steel. Heat treating of the 
drifts was handled the same as that given a chisel— 


































Fig. 7 — Die setup for casting in Fig. 5. 





giving the hardness to the tapered point (55 Rc 
that has to take the wear and the softer shank to 
be able to flex or bend the slight amount needed 
(25-35 Re). 

The guide holes in the drift holder block and 
stripper plate are \-in. larger than the pins to allow 
the pins the space to float. To keep the drifts from 
gauling and to ease the drifting and stripping opera- 
tion, it is well to apply some type of lubrication to 
the pins. 


Shear Blades 


The shear blades are made of high speed steel 
and are heat treated to 61-63 Rc. These blades pivot 
on a one in. diameter hardened shaft. The front 
face is inclined toward the casting about -4 to | de- 
gree to give the cutting edge the proper clearance, 
so that it can bite into the casting gate. An angle of 
15 degrees for about \%-in. is ground on the bottom of 
the blade to give a 75 degree cutting wedge, with 
the remainder of this end face being cleared at a 
45 degree angle. The movement at the cutting edge 
of the blade is about \-in. back from its forward 
stop, spring-held position. 

Holding the blades in the forward cutting position, 
and to return them to this cutting position after the 
shearing of the gates, is accomplished by spring 
loaded plungers in the stripper plate. These plungers 
ride against the back of the blades, always returning 
them to the forward stop or cutting position. The 
die opening is adjusted so the shear blades and 
plunger are always in contact. The stripper plate is 
of the proprietary die steel, heat treated to 50-55 Rc. 
It is held in the open position by four stripper 
springs, guided by four stripper bolts. This plate 
strips the casting off the five drifts and from between 
the two shear blades. If the shear blades are changed 
at the proper time (in this die every shift) good 
blade life is maintained, and a minimum is ground 
from the blades to keep them in good cutting condi- 
tion. One must remember that as the blade length 
is shortened by grinding, the angle on the face of the 
blade just below the pivot point (that stops the blade 
in the forward position) must be increased so that 
the cutting edge remains in the same plane so proper 
gate length tolerance is accomplished. 

The die shoe holding the lower half of the die 
consists of a half round die steel insert (Rc 53-55) to 
form the 14 round area of the casting and the flat 
die steel plate that carries the corner stops and acts 
as the anvil under the gates as they are sheared. 
In this plate a chip channel is machined to direct 
the chips and gates out of the die. The hole through 
the 14 round insert, die plate and shoe allows the 
small chips and foreign matter, from the sizing of 
the center hole, to fall harmlessly out of the way. 

The main difficulty with this die is the short spring 
life caused by the compressing of the stripper springs 
to the near solid condition. With this condition, and 
with a few chips accidentally flying into the stripper 
spring cavities, a broken spring is the result in little 
or no time. Figure 8 shows the die in the open posi- 
tion in the hydraulic press. A second casting is proc- 
essed in this die by just changing the 14 round insert. 























This die has served the company well, except for 
the poor stripper spring life. It combines the opera- 
tions of sizing 5 holes, removing gates and straighten- 
ing in one combination die. Before this die was put 
into operation, the gates were removed either by 
shearing or grinding, pressing one piece at a time 
and then gaging the holes for size, marking those 
that were undersize and then reaming to size. The 
cost of this die was about $1300. 


HOT COIN DIE FOR SHIFTER FORK 


The author’s company entered into the field of hot 
straightening and coining of pearlitic castings about 
three years ago. Much experimenting has been done 
since that time to find suitable die material that 
would give good results and good production life. 

Generally, the types of steels used are: mild steel, 
die steel and high speed steel to give good hot 
strength. A special heat treatment has been worked 
out with a Chicago heat treating company, which 
has helped to give considerably better die life. High 
speed steel is used only for the parts that make con- 
tact with the hot casting. The high speed steel is 
given slightly different than normal heat treat. It 
is first heated to about 900 F and then to 1650 F for 
about one hr/in. of cross-sectional area. From the 
1650 F furnace the steel is transferred to the 2350 F 
furnace for about 7 min. It is then martempered in 
a salt bath at 1200 F. 

The steel remains in the salt bath the necessary 
amount of time to become the same temperature 
throughout. It is then allowed to cool to room tem- 
perature and given a double draw of about 1000 F. 
The second draw should not exceed the temperature 
of this initial draw. The steel is now finish ground 
to size, and the die is assembled to check its proper 
operation. Necessary adjustments are made to the die 
so it will produce acceptable parts. When the die 
is producing acceptable parts, it is disassembled and 
then nitrited for about 72 hr at a temperature of 900 
to 950 F. It has been our experience that this added 
process is well afforded because of the increased life 
of those parts that come in contact with the hot 
casting. 

Figure 9 shows the casting. The forks are coined 
on all four sides and straight in proper relationship 
with the boss, which is also coined. As much of the 
rest of the casting is hit as practical to help in the 
straightening operation. The castings are heated to 
about 1150 F before being placed in the die for coin- 
ing and straightening. Figure 10 is a cut of the die 
through the fork section showing the collet action 
of the die to move the forks into proper relationship 
and tolerance. 


Die Function 


With reference to Fig. 10 and keeping in mind the 
casting, an explanation of the die function from 
the punch holder to die shoe will be described. The 
tapered tongue comes down between the two rec- 
tangular pads to spread them. At the same time the 
wedges are coming down, forcing the collets into the 
sides of the pads to bring them to proper dimension 








Fig. 8 — Die in open position in the hydraulic press. 


and relationship. The collets are returned to the open 
position by springs. The back up of the wedges are 
tied together by cross pieces to give them proper sup- 
port. Wear plates are built on the collets, so that 
they can be shimmed or replaced, to compensate 
for any wear of the collets and wedges. The wedges 
and collets are made of the proprietary die steel 
(50-55 Re) while the inserts that make contact with 
the hot pearlitic castings are high speed steel. 

The tolerance on the pads and tolerance on rela- 
tionship can be held to a +0.005 in., both as to 
thickness and width and relationship to the cored 
boss. The hot coined pads can be induction hard- 
ened with good results. Figure 11 shows the die con- 
struction with the inserts and wedges and casting in 
position. The die may look over designed, but it has 





Fig. 9 — Transmission fork casting which is coined on 
all four sides and straight in proper relationship with 
the boss, which is also coined. 
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Fig. 11— Die construction with inserts and wedges 
and casting in position. 





Fig. 10— Schematic diagram of cut of the 
die through the fork section showing collet 
action of the die to move forks into proper 
relationship and tolerance. 


been found that much strength is needed in collet- 
type die construction to hold up in prodyction. From 
125 to 135 tons of the 250 ton capacity of this press 
is used to press this casting. 

One can realize the problems encountered when 
handling hot castings. The operator must stand next 
to a hot furnace with a pair of tongs to facilitate 
rapid handling of the casting into the die, so that 
it will not lose too much temperature before being 
hot sized. Handling the hot castings with asbestos 
gloves was tried, but they proved too bulky and 
clumsy. Also, heat buildup in the fingers of gloves 
was experienced. To help the operator in casting 
handling, the furnace loader positions the castings 
on the belt, properly orientated for the operator. 

In the company’s experience, a mechanical press 
has given more satisfactory results than a hydraulic 
press in this process. It seems that the slight dwell 
on the hydraulic allows extra heat to build up in the 
inserts, causing them to wear or erode more rapidly. 
It is felt that there is a good future in the hot coin- 
ing of castings. The customer must realize that cast- 
ings produced by this process are initially more ex- 
pensive than regular castings, but that in the end the 
casting will cost less to make it a serviceable item. 
The reason for this is that certain machining opera- 
tions normally performed by the customer can be ac- 
complished in the hot sizing operation. Figure 12 is 
an overall view of the press and reheat furnace used - 
for hot sizing. 


Fig. 12 — Overall view of press and re- 
heat furnace used for hot sizing opera- 
tion. 
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Brass & Bronze Division 


Presiding —J. E. Gornermce, Foundry Services, Inc., Berea, 
Ohio. 
A. L. Procror, Bethlehem Steel Co., Bethlehem, Pa. 
Secretary — C. R. KNospetocn, R. Lavin & Sons, Inc., Chicago. 


Solidification Conditions for Maxinium Density and Me- 
chanical Properties in 85-5-5-5 Castings, R. A. FLINN and 
H. KuNsMANN, University of Michigan, Ann Arbor. 

J. O. Epwarps! (written discussion): With regard to the question 

of thermal gradients, my understanding is that the cooling rate 

(F/sec) determines primarily the constitutent size, grain size 

and the distribution of porosity, the thermal gradient (F/in.) 

determines primarily the amount of porosity. 

Some care must be taken in interpreting results such as 
those obtained by Professor Flinn in that the thermal gradients 
are usually obtained only on one axis. It must be remembered 
that the casting is cooling by heat lost through all faces and, 
therefore, the thermal gradient along another axis may be con- 
siderably different than that plotted on the longitudinal axis. 
This sometimes makes it difficult to establish the correlation 
between longitudinal thermal gradient and mechanical proper- 
ties, porosity, etc. 


Presiding — J. D. ALLEN, JRr., Federated Metals Div., American 
Smelting & Refining Co., Newark, N.J. 
R. C. Strokes, Crown Non-Ferrous Foundry, Inc., 
Chester, Pa. 

Secretary — W. M. Spear, Worthington Corp., Harrison, N.J. 

Cast 70/30 Cupro-Nickel Inherent Characteristics, B. F. 

SHEPHERD, Ingersoll-Rand Co., Phillipsburg, N.J. 

G. L. Leet® (written discussion): I would like to congratulate 
Mr. Shepherd and his co-workers for the amount of work ac- 
complished on this subject. The so-called mystery set up by 
the paper on the homogenization treatment of the castings by 
heat treatment, resulting in increased strength and better 
elongation certainly is no mystery, since the late Dr. Paul D. 
Merica published his findings on age or precipitation hardening 
of the aluminum-copper alloy system in 1921. Numerous other 
aging systems have been worked out since that time that in- 
clude the beryllium-coppers; the nickel-copper-tin; the nickel- 
copper-aluminum; the nickel-copper-silicon and the _nickel- 
chromium-aluminum-titanium systems, to name a few. 

This aging or precipitation hardening by heat treating of the 
copper-nickel-silicon system is well known and has been taken 
advantage of in nickel-copper-silicon casting alloys for a number 
of years. These castings gain near full hardness by cooling in the 
mold (280-340 Bhn). ‘By heating for one hr at 1600-1650 F, air 
cooling to 1350 F and water quenched, the hardness is brought 
down to about 200-220 Bhn where machining is accomplished. 
The finished parts are then aged at 1100F for 4 to 6 hr to gain 
back the original or slightly higher hardness. We have found 
the best aging temperature range for these alloys to fall between 
1080 and 1150F. 


S. Goxpsp1eL89 (written discussion): This discussor has studied 
Dr. Shepherd’s paper with a great deal of interest because it 
deals ‘with a copper-base alloy which holds promise in the 
immediate future as a material for pressure castings which over- 
comes some of the drawbacks of tin bronzes because it has 
higher mechanical properties, better solidification characteristics 
and repairability. Considerations of tensile bar design, mass and 
heat treatment effects add considerably to the interest of the 
paper because they deal with aspects which in general provide 
areas of fruitful thought to a foundry metallurgist at all times. 
It is regretted that the attempt to condense so much material 
into one paper has somewhat detracted from the author's ability 
to cover each aspect as exhaustively as the discussor would have 
liked to see. 

The work reported in this paper has as its objective the 
solution of the problem of repairability of 70/30 cupro-nickel 
which needs improvement, according to a number of workers 
in the field, particularly at mechanical property levels which 
are desired and otherwise attainable for the alloy type. 

The major conclusions of the paper are that addition of 
columbium up to 2 per cent creates in effect a superior 70/30 
alloy type which is weldable and whose potentia! mechanical 
properties are further enhanced by homogenization. The dis- 
cussor desires to present some related data obtained at the Ma- 
terial Laboratory, New York Naval Shipyard, which cannot be 
overlooked in the light of these conclusions to the paper. 
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Fig. 1— Silicon and columbium influence on strength 
of 70/30 cupro-nickel. 


Figure 1 is a modification of Fig. 2 of the original paper, to 
show static tensile and yield strength values obtained at the 
Material Laboratory for 70/30 cupro-nickel without the use of 
columbium, and for which the elements other than silicon 
ranged as follows: Fe-0.98 to 1.66, Si-0.25 to 0.83 and Mn-0.79 
to 1.27. 

Attention is invited to the following facts a) the curve for 
the Material Laboratory tensile values falls considerably above 
the band marked “INCO” and practically at the lower level 
of the band representing the values reported for the columbium 
heats b) the curve for the Material Laboratory yield values falls 
considerably above the band marked “INCO” and practically 
in the middle of the band representing the values reported for 
the columbium heats. It may be of interest to note that the 
Material Laboratory tensile bars were machined from octagonal 
keel blocks, shown in Fig. 2 and made from 400 Ib resistance 
furnace melts. All bars used in the tests were of course checked 
by x-rays and found to be sound in the gage section. 

Figure 3 is a graph made in connection with comments on 
Fig. 4 and associated tabular data contained in the original 
paper. It shows the relationship between yield strength values 
and silicon content. Attention is invited to the following salient 
points of this plot—a) the curve for the Material Laboratory 
heats without columbium practically coincides with the curve 
representing values reported by the author for heats with co- 
lumbium, b) the curve for values reported in basic paper for 
heats without columbium, are considerably below those men- 
tioned in (a) and c) the vertical line at 0.55 per cent silicon 
representing the range of yield values reported in the paper 
for heat L362, the only induction melted heat, falls considerably 
below the corresponding curve value which represents all other 
basic direct arc heats. 

Figure 4 is a modification of Fig. 8 of the original paper, to 
include values obtained at the Material Laboratory for heats 
without columbium. Attention is invited to the following salient 
points—a) the Material Laboratory values for tensile fall 
practically at the same level as the mold-cooled (unhomoge- 
nized) tensile values reported in the paper which in turn are 
substantially below the values for homogenized bars, b) the 
Material Laboratory values for yield fall practically midway 
between the points representing the mold-cooled (unhomoge- 
nized) and homogenized bar yield values reported in the paper. 





Fig. 2— Cast test block showing location of impact 
and corrosion test specimens. 


Figure 5 is a plot of yield and tensile values for heats con- 
taining columbium from Table 10 of the basic paper with Ma- 
terial Laboratory values, based on heats containing no columbi- 
um, inserted. It will be noted once more that the Material 
Laboratory tensiles are at the low limit for the band of values 
reported in the paper, and that the yield values of the Ma- 
terial Laboratory fall practically in the middle of the range re- 
ported by the paper. 

In the discussors opinion the Material Laboratory results tend 
to show that the improvement attributed by the author to 
columbium may be due to a) the author’s failure to attain po- 
tentially higher properties in alloys without columbium, b) 
benefits of homogenization treatment given to the bars with 
columbium with little or no influence of columbium on me- 
chanical properties, or c) a combination of (a) and (b). 

Other data in the paper tend to show that homogenization 
treatment has a marked effect on properties of cupro-nickel 
without columbium; and that in some instances this effect is 
even greater on the alloy with low columbium than with high 
columbium. In this connection attention is invited to Fig. 6 of 
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Fig. 4— Homogenization influence on mechanical 
properties as a function of silicon content. 


YIELD STRENGTH, 1000 PSI. 




















the original paper. This figure shows the influence of homoge- 
nization at various temperatures on various heats. It is to be 
noted that heat 6 which has 0.07 per cent Cb and 0.41 per cent 
Si shows marked improvement at homogenization temperatures 
of 1550, 1450 and 1200 F; whereas heat 5 with 0.83 per cent Cb 
and 0.65 per cent Si shows relatively little improvement for the 
only homogenization temperature plotted (1550F). However, 
comparison of results for heats 5 and 6 even for 1550 F homoge- 
nization clearly indicates that the low columbium alloy has im- 
proved more than the high columbium alloy. 
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Of course this plot does not reflect the actual levels of the 
properties, and it may be true that, even though the improve- 
ment for the low columbium alloy is greater with homogeniza- 
tion the actual values are lower than for the higher columbium 
alloy. Other factors which may have influenced the difference 
noted here are a) the relative soundness of bars, b) the num- 
ber of bars for which the plotted data are averages and c) 
interaction effects between silicon, columbium and other ele- 
ments. That interaction of other elements may have some in- 
fluence on the effect of homogenization treatment is indicated 
by reference to heat 12 in Fig. 6. This shows little improve- 
ment with homogenization and has the highest iron and man- 
ganese content of all heats considered, according to Table 1A 
of the paper. 

Whatever beneficial effect columbium exerts on mechanical 
properties of cupro-nickel, it does not appear to be the same 
for heats independent of melting. This is borne out by com- 
parison of data for the induction melted heat L362 to heats 
which have been melted in a basic direct arc furnace. As was 
pointed out in the discussion of Fig. 4 and the tabular data in 
Table 1A the range of yield strengths for induction melted 
heat L362 was considerably below the curve for all other 
heats, which were basic direct arc melts. Specifically for 0.55 
per cent Si, the indicated yield strength for basic direct arc 
heats is 46,000 psi while the range for this induction melted 
heat is 34 to 41,000 psi. 

In fairness to the author, it is noted that the values for in- 
duction melt, L362, is for as-cast metal, but that the treat- 
ment of the bars representing the averages shown for the other 
heats has not been clearly indicated in the paper. However, 
reference to Fig. 15 of the paper appears to bear out again 
the difference between the induction melted heat and the 
others. This figure relates expected tensiles and yields to sili- 
con content at the upper right hand corner and elongation and 
Brinell hardness impressions to yield (as estimated from the 
former plot) at the bottom. The purpose of the plot, according 
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Fig. 5 — Tensile strength and yield strength comparison. 
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Fig. 6 — Homogenizing temperature influence on me- 
chanical properties. Specimens furnace cooled to 500 F. 
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Fig. 7 — Comparison graph. 


to the author, is to provide a basis of estimating the charted 
mechanical properties as a function of silicon only. Study by 
the discussor of this chart in connection with the silicon 
contents of a number of the heats, presented in the paper, 
indicates that the chart can be used with fair success to 
predict ranges of properties of all basic direct arc heats, but 
that it does not work at all for all induction heat for which 
data are presented.* 

A tabular summary of results of the discussors study of several 
reported heats in connection with Fig. 15 of the basic paper 
is presented in Table A. The difference in mechanical prop- 
erties between the induction and arc melted heats suggest that 
a) either the benefits of columbium are related to melting con- 
ditions, or b) columbium has no substantial effect on the 
mechanical properties, but that the improvements noted are 
largely a result of homogenization treatment because the data 
for the induction melted heat is for the as-cast condition. 

It is the discussor’s opinion that firm resolution of these 
two points requires more data. It would have been helpful if 
data for heats with and without columbium were available 
and plotted asa function of silicon at various constant levels 
of columbium, and for bars of the.same type, location and 
method of original cooling or subsequent heat treatment. 
However, even in the absence of such data the discussor is 
of the opinion that improvements in mechanical properties 
shown in the paper are principally due to homogenization. 

The fact that Fig. 15 is capable of predicting mechanical 
properties at least for the basic direct arc heats as a function 
of silicon, without regard to columbium content, points to the 
importance of (b), noted above. Additional corroboration for 
item (b) comes from a study of data taken from Tables 2 
through 8 of the basic paper for the Webbert bars and bars 
from thinnest sections of the two castings. They show that the 
mechanical properties depend largely on silicon content and 
mode of cooling (in this order), and are relatively independent 
of columbium content. Table B is illustrative data combined 
from Tables 2 through 8 of the original paper for the 1 in. 
Y dry sand bar. 

The data showing the effect of columbium on improvement 
of weldability presented in the paper are impressive. It is 
not clear, however, whether (what in the discussor’s opinion 
appears to be) this important benefit due to columbium holds 
for 70/30 cupro-nickel regardless of method of melting, because 
the author does not point out whether the weld tests were 
made on samples from both melting practices discussed. The 
Material Laboratory, unfortunately, cannot at this time furnish 
any data for comparison for two reasons—a) the data which 
it has available on weldability apply only to composition with- 





*See Fig. 7 which is a slight modification of Fig. 15 of the 
basic paper. 





TABLE A— EFFECTIVENESS OF FIG. 15 IN 
PREDICTION OF PROPERTIES OF CAST 
70/30 CUPRO-NICKEL ALLOYS 








Heat Si, Chart Observed 
a a A Range Range Remarks 
N YS 58-53-47 43-61.5 Agrees fairly well with 


609 0.57 TS 95-88-79 74-89.5 Webbert (U.S.N.dry) ex 
(2) EL 28-19 20-30 cept for YS for homogen- 





H 137-167 ized condition which is 61.5 
N YS 32-24-16 25-36.5 Webbert bars AC agree. 
610 0.27. TS 70-63-55 61-71 Webbert bars Homogenized 





(3) EL 45-38 27-40 have higher yield. Homog- 
H 96-126 enized Elongation lower 

than predicted. 
N YS 53-46-39 34-55 Agrees fairly well with 
611 051 TS 90-83-75 67-86 Webbert. Homogenized YS 
(4) EL 33-24 24-37 higher in all cases. Center 


H 116-156 bar tensile considerably be- 
low prediction. Elongation 
at corner of 3 in. casting 
considerably higher. 














N YS 38-30-22 23-40 Agrees fairly well in gen- 
642 — TS 75-68-60 58-71 eral. 
(5) EL 31-47 
H 
N YS 40-33-25 28.5-40 Agrees fairly well in gen- 
643 0.36 TS 78-70-62 64-76 eral. 
(6) EL 40-33 30-43 
H 107-131 
L YS 57-51-44 34-415 Does not agree with chart 
362 0.55 TS 93-87-78 67.5-72.5 predictions at all. Is this 
(7) EL 29-20 29-38 because this is the only 
H 126-143 induction melt? 
609 YS 58-53-47 43-61.5 Agrees fairly well with 


0.57 TS 95-88-79 73-60 chart. YS of Webbert con- 
(8) EL 28-19 15-23 siderably higher in the ho- 
H 149-156 mogenized condition. YS 
from homogenized casting 
considerably lower. 





610 YS 32-24-16 25-38 Webbert bar agree fairly 
0.27 TS 70-63-55 63-71 well with AC. Webbert bar 
(8) EL 45-38 21-40 homogenize actually has 


H 96-128 higher YS. Elongation for 
all bars, except Webbert 
AC, lower than predicted 
by chart. 





out colambium and b) it used different weld tests, i.e., weld 
bead and x-weld. 


The Material Laboratory is currently evaluating identical 
heats with and without columbium at constant levels of one 
and 2 per cent silicon. However, the weldability data for this 
material will at best provide only qualitative comparison with 
Dr. Shepherd’s results. This again is due to the fact that the 
weld test specimens, which have already been completed, are 
weld-bead and x-weld types.’ It is believed that should the 
results confirm those of the current paper, even qualitatively, 
the effect of columbium on improving weldability will be 


TABLE B— EFFECT OF Cb, Si AND HEAT TREAT 
CONDITION MECHANICAL PROPERTIES OF 1” 
DRY SAND 70/30 Cu/Ni TENSILE BARS 





os. on %, Yield Tensile Elong. Bhn 


No. No. GS. A BR we wR AH A OS 


II N609 0.41 0.57 55.5 61.0 83.5 87.0 24 20 163 167 
lll N610 0.35 0.27 26.0 34.5 61.0 69.0 39 32 101 121 
IV N611 0.43 0.51 47.5 55.5 78.0 85.0 27 26 143 152 
Vv N642 0.33 0.33 25.0 30.5 58.5 64.0 40 34 87 123 
VI N643 0.40 0.36 32.5 40.0 68.5 75.5 37 34 114 131 
VII L362 0.34 0.55 41.5 715 33 143 

VIII + 609G&H 0.41 0.57 49.5 43.0 77.5 725 21 23 149 156 
VIIL 610G&H 0.35 0.77 38.5 36.0 67.0 63.0 26 21 121 128 




















tested further on identically compounded heats but melted in 
an induction type furnace. 

This is considered important by the discussor because if 
columbium obviates deleterious (and thus far undetected) ef- 
fects associated with melting, this effect need not be the same 
with different melting practices. To provide basis of comparison 
with the results of the current paper, the Material Laboratory 
may ultimately have to make “boat” type welds, similar to 
those used by the author of the paper under discussion, be- 
cause there is little question that the x-weld test employed at 
the Material Laboratory is a much severer test. 

In conclusion it is the discussor’s opinion that the current 
paper demonstrates that: 


a) Homogenization treatment in general improves consistency 
of mechanical properties. 

b) Tensile, yield and hardness are increased while elongation 
and weldability are decreased with an increase in silicon 
content practically, independent of other major elements in 
the range studied. 

c) Columbium does not appear to have as large an influence 
on mechanical properties as does the level of silicon and 
homogenization. 

d) Columbium appears to have a beneficial effect on weldability 
particularly for basic direct arc heats. 

e) Weldability is seriously impared at levels of yield of 55,000 
psi and over. 


Item (c), above, represents the major point of difference 
between the author’s and discussor’s results and interpretations. 
Whether columbium benefits mechanical properties as much 
as the author indicates requires additional proof, preferably 
by use of data based on heats with varying silicon at several 
constant levels of columbium for bars produced by the same 
melting practice, for the same pattern, similarly cooled and/or 
heat treated and with a radiographically sound gage section. 
The differences noted between heats without columbium ad- 
ditions reported in the paper and those obtained at the Ma- 
terial Laboratory may be explained by the author’s statement 
that “impatience to obtain mechanical results on experimental 
heats led to shakeout of bars from the mold after approxi- 
mately 20 min.” In this connection it is noted that the Ma- 
terial Laboratory keel blocks used for making the tensile 
specimens were all cooled in the mold over night. 

Subsequent to the study of a copy of the incompleted manu- 
script of the paper which contained reference to only one in- 
duction heat, the writer reviewed the results of Fig. 7 of the 
printed version which (judging from heat identifications) 
appears to apply to other induction melted heats. The object of 
this study was to check how the yield and tensile properties of 
induction melted heats with columbium additions compared to 
results for heats with the same silicon content without co- 
lumbium, as run at the Material Laboratory. Table C contains 
data, based on Fig. 7 from the printed version of Dr. Shep- 
herd’s paper, with corresponding values obtained for heats at 
the. Material Laboratory without columbium. 














TABLE C 

Heat Si, Yield, 1000 psi Mat Tensile, 1000 psi Mat 
No. A B Cc D_Lab* A B Cc D_iLab* 
L728-2 0.30 24.5 32.5 29.0 34.5 27.0 61.5 68.0 65.5 70.0 53.5 
L728-3 0.40 40.5 45.5 39.0 45.0 36.7 78.0 82.0 77.5 81.5 61.5 
-4 0.42 36.0 43.0 35.0 48.0 39.0 73.5 79.0 73.5 80.0 62.8 

-5 0.47 33.5 46.0 36.0 465 44.5 67.5 76.0 68.0 76.0 66.8 

-6 0.50 42.0 49.5 43.0 50.0 48.0 76.5 80.0 76.0 82.5 69.0 

-7 0.51 49.0 54.0 46.5 54.50 48.5 85.0 87.5 83.0 87.0 70.0 


s-Cast. 

. Heated at 1200 F for 1 hr and furnace cooled to 500 F. 

. Heat at 1200 F for 5 hr and air cooled. 

. Heated at 1200 F for 5 hr and furnace cooled to 500 F. 

*Heats had no Cb; bars were cooled overnight in molds and had ,no 
heat treatment. 


vom> 





It is noted that the samples for the latter were all cooled 
in their molds overnight and had no heat treatments. The 
Table C data show that the yield values for the Material 
Laboratory heats are substantially equal to or better than the 
corresponding values for the as-cast heats with columbium 
added of the current paper. On the other hand, and as has 
been previously noted for other comparisons, the Material 
Laboratory tensile values are somewhat lower than the cor- 
responding as-cast heats with columbium of the current paper. 
It is the writer’s opinion that this data again show that im- 
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provements in tensiles and yield for a particular silicon con- 
tent are due largely to the “homogenization” treatment and 
not to columbium. It is interesting to note that unlike heat 
L362, all the heats in Fig. 7 appear to have substantially simi- 
lar properties to basic direct or melted heats with comparable 
silicon content. 

In spite of the above comments the discussor considers the 
paper by Dr. Shepherd a valuable contribution to the literature 
because it represents an important forward step toward better 
copper-base casting alloys which are so badly needed today. 


Note: The opinions or assertions contained in this paper are the 
private ones of the author and are not tu be construed as 
official or reflecting the views of the Naval Service at large. 


Presiding — A. W. BarpEEN, Ohio Brass Co., Mansfield, Ohio. 
R. F. Scumipr, Ajax Metal Div., H. Kramer & Co., 
Philadelphia. 


Secretary —W. H. Barr, Research & Development Laboratory, 
Fort Belvoir, Va. 


New Techniques in Degassing Copper Alloys, R. J. Cooxsry 
and R. W. Ruppre, Foundry Services, Inc., Columbus, Ohio. 


J. O. Epwarps! (written discussion): While I have considerable 
faith in the products of the authors’ company, there are two 
points which I would like to raise on the subject of the paper. 


First, I believe that the principle involved is not new, in that 
W. H. Glaisher described gas flushing of copper with carbon 
dioxide generated from the immersion of marble chips in the 
nfelt in the Foundry Trade Journal in 1950. 


Second, in discussing degassing methods, the size of the gas 
bubbles is always considered. While theoretically the bubble size 
is determined by the surface tension of the metal and the di- 
ameter of the orifice, in practice any small bubbles formed 
appear to coagulate. The end result appears to be relatively 
large bubbles, whether the gas is blown in through open tubes, 
— plugs, porous plugs or generated from solids within the 
melt. 

I would appreciate Mr. Ruddle’s comments. 


AuTHors’ Repty: I should like to thank Mr. Edwards for his 
interesting comments on the paper. Dealing first with his re- 
mark that gas flushing of copper alloys with carbon dioxide is 
not new, we agree that this is so. It is perfectly true that as he 
says, W. H. Glaisher described this technique in the Foundry 
Trade Journal in 1950. Indeed, the history of this particular 
method of degassing goes back even further, since the use of 
marble chips was referred to in a paper by Pearson and Baker 
(J. Inst. Metals, 1940). Baker and his colleagues developed two 
methods for the use of carbon dioxide gas as a scavenger for 
hydrogen dissolved in copper. In the simplest of these methods, 
lumps of marble about the size of a baseball were thrown on to 
the melt and allowed to react there for some mint2:s. 

In the second method, a closed ended refractory tube was 
filled with pieces of marble and this was inserted into the melt 
with the open end downward. Neither of the techniques found 
common acceptance. The novelty in the present degasser lies not 
in the principle involved (there is no dispute about this) but 
in the development of a reliable and easily applied and efficient 
product. 

Turning now to Mr. Edwards’ second point on the effect of 
bubble size, we would like to ask Mr. Edwards in return just 
what evidence he has for his statement that any small bubbles 
formed appear to coagulate and that the end result is that large 
bubbles are generated irrespective of the way in which the de- 
gassing melt is introduced into the melt. So far as I know this 
subject has never been investigated in detail. Our own opinion is 
that some coagulation probably does take place, but there is 
little doubt that the average bubble size in a degassing operation 
in which fine bubbles are generated initially is smaller than the 
bubble size of a similar operation in which the initial bubbles 
are large. Indeed, experimental evidence exists which demon- 
strates quite conclusively than an increase in degassing efficiency 
is produced if steps are taken to insure that scavenging bubbles 
are small at the moment of generation. French and German 
publications based on the results of porous plug expeller have 
tended to confirm this. 
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Die Casting and Permanent Mold Division 


Presiding —G. T. Pirer, Hoover Co., North Canton, Ohio 
R. J. Moser, Singer Mfg. Co., Elizabethport, N.J. 
Secretary — W. F. Scumiwt, Western Electric Co., Chicago 


Ultra High Pressure Casting, J. L. Reiss and E. C. Kron, 

Doehler-Jarvis Div., National Lead Co., Toledo, Ohio. 

D. L. LaVeELie81 (written discussion): The authors are to be 
complimented on this report of a fascinating and obviously 
carefully conducted investigation. The subject of the application 
of pressure to solidifying metal has long interested metal- 
lurgists and foundrymen, but there has been a lack of good data 
with which to speculate. In preparation of their paper, the 
authors adhered closely to the facts and did not venture to 
comment beyond them. This discussor would like to make 
some additional observations and comments. 

A pressure greater than 20,000 psi was necessary to produce 
satisfactory results. This had been concluded by this writer by 
the expedient of sectioning the biscuit or slug produced in 
ordinary die casting machines and observing that some shrink- 
age or unsoundness was invariably present in the central por- 
tion, even though having been solidified under high pressures 
by ordinary standards. As shown by the authors, a higher pres- 
sure is necessary to crush the solidifying shell of metal ad- 
jacent to the mold walls. 

This report should serve to quiet the claims that have been 
made in the past by some persons and ill-advised commercial 
ventures that amazing properties could be attained by such a 
process. The application of high pressure during solidification 
cannot be considered as forging in any sense. 

It should be noted that the mechanical properties obtained 
in this work are excellent but, with the possible exception of 
elongation, are not unattainable by other means. If the assump- 
tion is made that for most engineering purposes castings will 
not be stressed beyond their yield strength, then the necessity 
for unusually high elongations is removed, and comparable 
properties are available in conventional permanent molds. On 
the other hand, had the authors had the opportunity, they 
could no doubt have experimented with other heat treatments 
and/or higher magnesium contents to produce what may have 
been significantly higher tensile and yield strengths by sacrificing 
elongations down to 5 per cent, for instance. 

The difficulties of application of this process to other than 
the simplest of shapes is immediately apparent. 


Presiding — A. B. DeRoss, Kaiser Aluminum & Chemical Sales, 
Inc., Chicago. 
B. J. Murray, Jr., Apex Smelting Co., Chicago. 
Secretary — P. D. Frost, Battelle Memorial Institute, Columbus, 
Ohio. 


Aluminum Casting Alloys Properties Improvement by Grain 
Refining, K. ScHNEImER, Aluminiumwerke Nuernberg, G.m. 
b.H., Nuernberg, Germany. 

A. J. Pereyra:2 To what extent are difficulties encountered with 
cylinder liners made from the hypereutectic alloys? I would also 
like to ask if the European companies have given up trying to 
use the high-silicon alloy liners. 
K. ScunemDer: Making cylinders of hypereutectic alloys has never 
produced fully satisfactory results, as scuffing tendencies oc- 
curred. It happened that 90 per cent of a production run 
showed satisfactory performance while 10 per cent turned out 
to be failures. It has therefore been felt that the use of hyper- 
eutectic aluminum-silicon alloys in cylinders for Diesel and Otto 
engines ‘was not justified. These alloys, however, have proved 
well for cylinders in slow speed compressors, most of which are 
subject to less pronounced thermal stresses. At the present time 
they have been abandoned for production cylinders for Diesel 
and Otto engines, while they are currently used to a certain 
extent for cylinders in compressors. It is well possible that by 
new aspects in the development and testing, new ways will be 
found which make these alloys a practical proposal for the pur- 
pose in question. 

W. Sicua:3 In reference to the part of the paper concerned 

with carbon tetrachloride grain refining treatment of aluminum- 

magnesium alloys, it should be noted that titanium and boron 
can be used satisfactorily as grain refiners. 

K. ScHNemer: Grain refining with carbon tetrachloride may be 

applied only to such aluminum-magnesium alloys which contain 

a certain percentage of titanium and boron, as especially freshly 





formed boron carbide and titanium diboride particles act as 
nucleants for aluminum-magnesium alloys. The formation of 
such particles in the nascent state is favored by the chlorine 
liberated from the carbon tetrachloride, the freshly produced 
chlorine having also a refining and purifying effect upon the 
melt. 

W. Bonsack:4 What about the added cost incurred by use of 
phosphorus treatment for refining silicon particle size? 

K. ScHNEIDER: Hypereutectic aluminum-silicon alloys cannot be 
sufficiently refined without special grain refining methods. The 
application of grain refiners is at any rate required when these 
alloys are used in production runs. Thus there is only the ques- 
tion of the cost differential for various methods of refining the 
silicon particles. The cost for applying the agent described in the 
paper for refining hypereutectic aluminum-silicon alloys is about 
one third more than for the formerly used phosphorus penta- 
chloride. This additional cost is by far compensated by the 
comparative improvement of the technological properties, and is 
of no decisive importance with regard to the overall price of 
the castings. 

P. D. Frost:5 Is research on the hypereutectic aluminum-silicon 
alloys still going on in Germany, or do you feel that further re- 
search will not lead to the use of these alloys in cylinder liners? 
K. SCHNEIDER: An answer to this question has already been given 
in the reply to Mr. Perejpa’s question. In view of the extensive 
use of these alloys for pistons and the limited use in cylinders for 
compressors, development work on these alloys will certainly be 
continued. In addition there are considerations to employ these 
alloys also in other applications. 

R. A. Cook:6 Does phosphorus benefit hypoeutectic aluminum- 
silicon alloys? 

K. SCHNEIDER: Phosphorus always has a detrimental effect on 
aluminum-silicon alloys, as it produces an embrittlement. It is 
therefore not applied to hypoeutectic and eutectic alloys, but 
sodium rather is used for refining them. In the case of hyper- 
eutectic alloys, however, the improvement of the technological 
properties and the structure of the alloy produced by grain re- 
fining with phosphorus indeed outweighs the disadvantage of 
a slight embrittlement. For the sake of benefits not to be ob- 
tained with other agents, phosphorus or phosphorus containing 
agents are therefore used for grain refining. 

W. L. Bexi:8 Will you comment on the current applications for 
the hypereutectic alloys? 

K. SCHNEIDER: In Germany hypereutectic aluminum-silicon alloys 
are used almost exclusively for pistons in internal combustion 
engines, particularly for pistons in engines subject to high ther- 
mal stresses, for which a narrow clearance is required. 

R. P. DuNnn:8 Will you comment on the 10 per cent failures en- 
countered in the use of the alloys for cylinder liners? 

K. ScHNezIpeR: Despite thorough investigation, the exact cause for 
the 10 per cent failures encountered in the use of the alloys for 
cylinder liners could not be found, as failures obviously occurred 
inconsistently. A hypereutectic aluminum-silicon alloy is always 
a mixture of differently acting constituents including soft ones 
as well as hard and brittle inclusions, which in addition may be 
present in varying sizes and unevenly distributed. 


Aluminum Alloy with High Silicon Content, E. E. Stone- 
BROOK, Aluminum Co. of America, Cleveland. 

A. DeRoss:9 Regarding the brake drum application for your 

alloy, have you made complete dynamometer tests? 

E, E. SToNEBROOK: Alcoa has not conducted such tests, but is 

working closely with customers who currently are evaluating 

X392 and other alloys by means of dynamometer tests. 

A. DeRoss: Has low elongation been a disadvantage in many 

applications? 

E. E. STONEBROOK: With proper design, it has not been a prob- 

lem in most of the applications tested. One exception has been 

the integral aluminum brake drum which has not always had 

adequate life in the more severe dynamometer tests. This is be- 

lieved to be associated with low elongation. 

A. J. Pereypa:2 How serious is problem of cracks arising from 

shrinkage and high service loads in the alloys? 

E. E. Sronesrook: Relatively few cracks arising from shrinkage 

or contraction in a die have been encountered in our operations. 

Aside from my previous comments regarding brake drum failure, 

one other instance of high-stress concentration failure can be 

recalled. With a previous design, some of the lugs on the castings 
































shown in Fig. 3 were breaking in service tests. These failures 
were eliminated by a small design change. 

MEMBER: What effect does the high casting temperature (1400 F) 
of the high silicon alloy have on the life of die-casting dies. 

E. E. STONEBROOK: Certainly die life would be reduced although 
we don’t have any definite information regarding the die life to 
be obtained in casting alloy X392 at about 1400 F. 


Ductile Iron Division 


Presiding — D. Matter, Ohio Ferro Alloys Corp., Canton, Ohio. 
S. Carrer, American Cast Iron Pipe Co., Birming- 
ham, Ala. 

Secretary — KK. W. McGratu, Metallurgical Associates, Inc., Cam- 
bridge, Mass. 


Influence of Nickel up to 37 Per Cent and Silicon up to 3 
Per Cent on the Eutectic Carbon Content of Cast Iron, 
R. D. SCHELLENG, International Nickel Co., Bayonne, N.J. 

S. CarTEer:10 What effect does sulfur have on the eutectic carbon 

content and at what level did you operate? 

R. D. SCHELLENG: We were working with ductile Ni-Resists and 

removed essentially all of the sulfur in the metal with the mag- 

nesium treatment to 0.01 per cent Sulfur or less. Our starting 
sulfurs in the charge were in the range of 0.02 per cent. How- 

ever, sulfur does effect the eutectic carbon content, but we did 

not have the opportunity to study it in this work. 

E. Morrison:11 Are we to assume from your formula for deter- 

mining eutectic carbon content that phosphorus content of the 

metal is not important? 

R. D. SCHELLENG: Phosphorus is important and is known to dis- 

place the eutectic carbon content. However, in our studies the 

phosphorus was kept low (0.05 per cent), and at a constant level 
and was not found or considered to be of consequence. 

R. GARDENER:12 What are the applications for the high nickel 

irons? 


R. D. ScHELLENG: The high nickel irons have a range of prop- 
erties particularly in thermal expansion characteristics, corrosion 
and heat resistance. The 20 per cent nickel irons have expansion 
characteristics matching aluminum and are incorporated as re- 
taining ring sections in aluminum pistons for diesel service to 
prevent groove wear in the softer aluminum. The 28 per cent 
nickel irons are used in such applications as exhaust manifolds, 
jet aircraft burner retaining supports and where good corrosion 
resistance at high temperatures is needed. The 35 per cent nickel 
irons ‘are the I.N.V.A.R. types with low expansion characteristics, 
and are used in the manufacture of precision machinery such as 
quill housings and also for hot die work. 


Education Division 


Presiding — J. Toru, Harry W. Dietert Co., Detroit. 
J. L. Leacn, University of Illinois, Urbana. 
Secretary — B. L. Bevis, Caterpillar Tractor Co., Peoria, Ill. 


Fabrication Methods Evaluation, J. G. FRANTzREB, Caterpillar 
Tractor Co., Peoria, Ill. 

Memser: Is there any rivalry within the company between the 

work groups; say the foundry people and welders? 

J. G. Frantzres: There is no real problem there. Sometimes 

there is some feeling but the final answer comes from the Plan- 

ning department; so the people involved feel an impartial de- 

cision has been made. 

MemsBeR: Do you use castings in any of the weldments? 

J. G. FRantzres: Yes many of our welded parts combine steel 

castings with formed plate. Our tractor transmission cases are 

good examples. 

MEMBER: Where is the interest usually generated to improve or 

change a part? 

J. G. Frantzres: The interest comes from several sources. Any 

employee might suggest a change to his supervisor; the Quality 

Control department, Engineering or Research all are evaluating 

what is being done. Sales & Service people are always passing 

on field results. 


Member: Do you sometimes change back to the original method 
of production? 

J. G. Frantzres: Yes, occasionally we go back to the original 
method. 





Fundamental Papers 
and Heat Transfer Committees 


Symposium on Solidification (Joint Sponsorship) 
Presiding — R. C. SHNAy, Canada Iron Foundries, Ltd., Toronto, 
Ont., Can. 
W. K. Bock, National Malleable & Steel Castings Co., 
Cleveland. 
Secretary — G. C. Gout, Case Institute of Technology, Cleveland. 
Solidification of Metals, general principles, G. W. Form and 
J. F. Watace, Case Institute of Technology, Cleveland. 
R. C. SHNay:18 Could control of the mold wall be used to exert 
a control over the nucleation and subsequent as-cast structure? 
J. F. WaALLace: Yes, we can use tellurium mold wash to control 
(undercool) the solidification of cast iron to white iron at the 
surface and use graphite mold coating to promote the formation 
of gray iron at the surface. 
Mr. GrEEN:14 I would like to clarify a point. It seems to me that 
it is not the number of potential nuclei but rather the number 
of effective nuclei which is important. 
R. C. SHnay: In the paper, the use of vibration as a grain re- 
fining technique was mentioned. Recent work published by the 
British Cast Iron Research Association showed that bubbling of 
gas (agitation) resulted in a coarse grain size. How do you ex- 
plain this? 
J. F. Wawtace: The effect of the gas is probably to “poison” or 
oxidize some of the potential nuclei. 
S. WisEMAN:15 How do you select additions to control the as- 
cast macrostructure? 
J. F. Wattace: This is an involved and difficult question. The 
inoculant or particle requirements are best explained in Young's 
equation in terms of interfacial energies. What factors may con- 
trol the interfacial energies are not now clearly understood. 
C. Sims:16 The potential nuclei in a melt are of no serious con- 
sequence; it is the effective nuclei that are important in con- 
trolling the as-cast macrostructure. 


Solidification of Steel Castings, C. W. Briccs, Steel Founders 

Society of America, Cleveland. 

V. PascHKis!7 (written discussion): The author presents an ex- 
cellent review of the knowledge of the heat transfer aspects of 
the solidification. 

In his section “Solidification Calculations” he mentions the 
equation 

D=Kyt 

as valid for the solidification of steel in metal molds. This equa- 
tion was derived for the condition that both casting and moid 
are slabs of infinite thickness and large surface area; moreover, 
the equation holds only under the condition that the superheat 
is low enough to result, upon contact between casting and mold, 
in the immediate freezing of the surface layer. In other words, 
the initial surface temperature is below the melting point. Fin- 
ally, the equation holds only for a pure metal, not for an alloy 
freezing over a range. 

Mathematical expressions for solidification, even of simple 
shapes, become quite involved. Therefore, either approximations 
have to be used, which are frequently unsatisfactory because the 
user may not be aware of the limitations of his simplifying as- 
sumptions, or, as an alternative, graphs and charts can be set 
up by means of computing machines. For slabs and for pure 
metals or eutectic alloys, that is, for the condition that freezing 
takes place at a given temperature rather than over a range, 
such charts have been set up and have been published in part in 
AFS and in part in A.S.M. literature.1 These graphs allow the 
determination of the progress of solidification in a finite slab 
with a sufficient mold for any combination of the following 
variables: 

Material of the casting. 

Material of the mold (sand, iron, graphite, etc.). 
Superheat. 

Preheat temperature of the mold. 

Such curves could be expanded to include other shapes than 
slabs, particularly cylinders and spheres. Moreover they could be 
extended to cover alloys freezing over a range. Completion of 
such charts has to await availability of funds. 


REFERENCES 


1. “Some Generalized Solidification Studies,” by V. Paschkis and 
J. W. Hlinka, AFS Transactions, vol. 65, p. 222 (1957). 
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“Some Remarks on the Relationship of Interface Temperature 
and Solidification,” by V. Paschkis and J. W. Hlinka, AFS 
TRANSACTIONS, vol. 66, p. 213 (1958). 

“Progression of the Freezing Front and the Temperature Dis- 
tribution in Ingots during Solidification,” by J. W. Hlinka 
and V. Paschkis, 4.8.M. Transactions, vol. 51, p. 353 (1959). 

AuTuHor’s Repty: The author realizes that the equation D=K y t 
can no longer be considered completely rigorous to describe the 
rate of solidification of steel in a metal mold. Investigations by 
the Naval Research Laboratory and Columbia University, under 
Dr. Paschkis himself, have superseded the validity of the equa- 
tion. 

The above equation was first given by Field! for the case of 
the solidification of steel ingots cast in iron molds. The theoreti- 
cal value of K for steel cast in iron molds was given by Field as 
0.88 and by Lightfoot? as 0.34, when D is expressed in centi- 
meters and ¢ in seconds, corresponding respectively to 2.68 and 
1.04 in in.-min units. The author did not mean to imply that 
the equation D=K y t should be considered completely rigor- 
ous, but just mentioned this relationship as an introduction to 
his main subject, which was the solidification of steel in sand 
molds. For a more thorough discussion of the validity limits of 
this equation, one might refer to Pellini,3 who deals with it in 
light of more modern day experimental methods than did Field 
and Lightfoot. 


REFERENCES 

1. Field, A. L., “Solidification of Steel in the Ingot Mold,” A.S.M. 
Transactions, p. 264 (Feb. 1927). 

2. Reports of the Committee on Heterogeneity of Steel Ingots 
of the Iron and Steel Institute: 

a) Third Report, J. Jron and Steel Inst. (1929). 
b) Fourth Report, J. Jron and Steel Inst. (1932). 

3. Pellini, W. S., “Solidification of Various Metals in Ingot and 
Sand Molds,” AJ.M.E. Electric Furnace Steel Proceedings, 
vol. 14, p. 48 (1956). 

H. Lownte:18 Did I understand that you claim undercooling is 

not a factor in the solidification of steel? 

C. W. Briccs: Yes. 

H. Lownie: To what do you attribute the large grain size of 

steel? 

C. W. Brices: Most cast steels are coarse grained, and there are 

advantages in the coarse grained castings. As a matter of fact, 

some specifications call for a coarse grained casting. 

J. F. Watrace:19 Undercooling in steels is usually slight. Steels 

can be grain refined by use of inoculants if believed necessary. 

C, E. Sims:16 Steel can undercool at the surface of a casting in 

the absence of nuclei. 


Solidification of Cast Iron, C. K. Donono, American Cast Iron 
Pipe Co., Birmingham, Ala. 

R. C. SHnay:18 Can you tell me why the speed of rotation in 

centrifugally cast ductile iron can influence the size and number 

of nodules observed? 

C. K. Donono: There are vibrations associated with the centrif- 

ugal casting process and this may influence the nodules, how- 

ever the important factor is the amount and time of inoculation. 

J. Kevertan:20 In a hypoeutectic iron are the nodules that are 

concentrated at the inside surface of the casting surrounded by 

austenite? 

C. K. Donono: They appear as a scum on the inside surface, 

but are not given off to the air and are therefore surrounded by 

austenite. 

A. DeSx:21 I do not believe there could be a hypereutectic 

nodular iron. 

C. K. Donono: The best answer here is to refer again to the 

photomicrograph (Fig. 2 in the paper). 

R. C. SHNay: We have observed flotation of graphite in a high 

carbon iron in which a portion of the charge was graphite. With 

the flotation, we also observed heavy shrinkage. When a similar 

cast iron with no free graphite in the charge and a final carbon 

concentration equal to that in the first casting was produced, no 

flotation was observed. 

Solidification of Metals, A Summary, W. K. Bock, National 
Malleable and Steel Castings Co., Cleveland. 

Mr. HANSEN:22 If you observed, in a 4x 4x 20 in. ingot, colum- 

nar grain at the bottom and equiaxed grains in the upper 

portion, would a thermocouple placed at each section show 





undercooling in the equiaxed zone and no undercooling in th« 
columnar region? 

M. C. FLEMMING:23 No, it would be too small to observe with a 
thermocouple. 

R. W. Ruppie:24 Cibula has shown, in his work on aluminum, 
that a normal metal of normal purity will show a few degrees 
of undercooling at the surface followed by recalesence in a 
columnar structure. In an equiaxed structure a wave of under- 
cooling may be observed to move from the surface to the center. 
J. F. Wattace:19 The growth of a dendrite must be accompanied 
by some undercooling. 


Gray Iron Division 


Presiding —-H. W. Lownie, Jr., Battelle Memorial Institute, 
Columbus, Ohio. 
W. C. JerFery, McWane Cast Pipe Co., Birmingham, 
Ala. 

Secretary — B. I. Stern, Lakey Foundry Corp., Muskegon, Mich. 


Cast Iron Heat Treatment, P. H. Dirom, Jr., Lynchburg 
Foundry Co., Lynchburg, Va. 

P. UtMeER:25 Do you have any cracking problems on quenching 

of timing gears? . 

P. Dirom: We do not experience any cracking problem, and we 

use a commercial grade of quench oil. 

S. MatutEs:26 How are temperatures in your furnaces controlled? 

P. Dirom: We check casting temperature, atmosphere tempera- 

ture, and furnace temperature for uniform temperature control. 

We find approximately 15-25 F difference between casting and 

atmospheric temperature. 

H. BrapsHAw:27 Are you troubled with temperature overshoot 

if you control by casting temperature rather than furnace tem- 

perature? 

P. Dirom: We have not experienced trouble by using this con- 

trol. 

C. Warpen:28 Why do you draw certain castings out of the 

furnace at 550 F and others at 200 F? 

P. Dirom: These temperatures were controlled by the customers 

specifications. 

MEMBER: What is the necessary temperature to actually stress 

relieve a casting — is 1050 F adequate? 

P. Drrom: Gray Iron Handbook states “to adequately stress re- 

lieve, the temperature shall be higher than the service tempera- 

ture of the casting.” Hal Lowney, Battelle Inst., stated that 

cooling rate should not be overlooked. Harvey Henderson, 

Lynchburg Foundry, stated that shot blasting introduces more 

stresses than casting stresses. 


Hypo utectic Gray Cast Iron Ladle Additions, D. D. McGrapy 
and H. L. WomocueL, Michigan State University, East Lan- 
sing; C. L. LANGENBERG, Oldsmobile Div., General Motors 
Corp., Lansing, Mich.; and D. J. Harvey, General Motors Re- 
search Laboratory, Detroit. 

H. HENvERSON:29 Does the size of Al, Ca, graphite, or Si addi- 

tion have any effect on the results obtained by inoculation? 

D. McGrapy: We could not observe any effect due to the size of 

the inoculant. 

Mr. Runpie:30 What was the pouring temperature of these tests? 

D. McGrapy: All tests were held to a 2650F pouring tempera- 

ture. 

H. Lowney:18 What type of graphite was used in these tests? 

D. McGrapy: All the graphite used in these tests was of the 

natura! form. 


Inoculation Effect on Risering of Gray Iron, Research Prog- 
ress Report, Sponsored by AFS Training & Research Institute, 
H. D. MERcHANT and J. F. WALLAcgE, Case Institute of Tech- 
nology, Cleveland. 

R. NicHOLson:31 What etchant was used to bring out eutectic 

cell size? 

J. Wattace: Stead’s reagent was used as the etchant. 

Y. TeLanc:32 Plot the C.E. vs. Casting dimension of inoculated 

and uninoculated irons and what are the results? 

J. Wattace: The weight of an inoculated iron increases as the 

C.E. increased also the weight of an uninoculated iron increases 

much more rapidly than an uninoculated iron. 




















Heat Transfer Committee 


Presiding —-R. W. Ruppte, Foundry Services, Inc., Columbus, 
Ohio. 
W. K. Bock, National Malleable & Steel Castings Co., 
Cleveland. 

Gap Formation in Permanent Mold Castings, J. G. HENZEL 

and J. Kevertan, General Electric Co., Schenectady, N.Y. 
AutHors’ CLosure: Further clarification of the mechanism of gap 
formation might be in order. In the section The Analysis of Gap 
Formation as a Resistance Formation, we say “As solidification 
occurs, the thermal resistance increases (increasing gap width), 
and that as mold wall thickness increases, thermal resistance de- 
creases.”” For further clarification, we would add the following 
either just after this sentence, or as an Addendum: 

The principal mechanisms of heat transfer across the mold- 
metal interface once a gap is formed are conduction and radia- 
tion. Therefore, the overall gap thermal resistance may be con- 
sidered as the resultant resistance offered to conduction and 
radiation parallel heat transfer. At the instant molten metal 
comes in contact with the mold, it is assumed that heat is 
transferred across the interface by conduction. However, as a 
gap forms, conduction heat transfer is no longer possible at 
that point, and ‘heat must be transferred by radiation mostly 
with a slight amount of convection. It is pertinent to note that 
the mechanism of gap formation may also be viewed as a di- 
minishing area of contact through which conduction takes place. 
As the gap enlarges, and this contact area decreases, the per- 
centage of total heat transferred due to radiation also increases: 
However, since conduction heat transfer is a more effective 
method of dissipating heat, the overall result is a continually 
decreasing rate of heat transfer to the mold. In other words, 
“gap” formation can also be spoken of as “conduction contact 
separation.” 


Industrial Engineering 
and Cost Committee 


Presiding — W. E. Boswett, Glamorgan Pipe & Foundry Co., 
Lynchburg, Va. 
E. C. Rem, Ford Motor Co. of Canada, Ltd., Windsor, 
Ont., Can. 
Controlling Costs of Foundry Operations, K. T. RINDERLE, 
Farrell-Cheek Steel Co., Sandusky, Ohio. 
R. Papen:33 How can costs be controlled in the Cleaning De- 
partment? 
K. RinpeRLE: The method of handling costs in the Cleaning De- 
partment depends, to some extent, on how large an operation is 
encountered. Development of accurate standard data for labor 
is usually warranted if operations are extensive enough. Work 
meters can also be used to determine work involved and output. 
The practice of relating work to weight of casting should be 
avoided in cleaning department cost work. 


L. GREENSLADE:34 Most cost systems do a relatively good job of 
breaking down basic production costs but how can administra- 
tive overhead such as the operating cost of the Superintendent's 
Office be handled? 

K. Rinperwe: It is always difficult to be strictly accurate in the 
application of overhead costs but a satisfactory method would 
be to pro-rate the administrative cost in relation to molding 
dollars. Again, the use of casting weight as a base for overhead 
application should be avoided. 

Job Evaluation—Asset or Liability? A. G. McNicHot, Canada 

Iron Foundries, Ltd., Toronto, Ont., Can. 

P. HENNING35 (written discussion): This paper leads to several 
comments relative to job evaluation programs. The C.W'S. plan, 
as outlined in this paper, is not to my knowledge used extensive- 
ly outside the steel industry, except by those allied companies 
associated with the United Steel Workers Union. A search 
would show that the vast majority of companies using job 
evaluation programs do not use the C.WS. plan. Personally, I 
believe that the C.W.S. plan would be detrimental in other 
industries. The C.W.S. plan was developed along accepted job 
evaluation lines with two important exceptions. The first of 
these exceptions concerns the development of the basic evalua- 
tion scale used in the weighing of the various factors used for 
evaluation. It was developed to justify the rate scale which had 
grown up in the steel industry prior to the installation of a 
job evaluation program. A sound practice would have been the 
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development of a weighing system for the various factors which 
would have reflected more realistic factor values. For instance, 
recognize the factor of working skill and knowledge and the 
overall value of the job rather than the factor “Responsibility 
for Materials.” 


The second exception is that found in the title of the plan 
“Co-operative Wage Study.” It is desirable, perhaps, to have a 
committee to pool its best judgment in arriving at job evalua- 
tion conclusions. However, it is quite another matter to restrict 
this activity so that it will not seriously impinge on manage- 
ment’s prerogatives of determining wage levels and job values. 
In my opinion, this paper describes the C.W.S. plan adequately. 
However, in being presented at an AFS convention, it would be 
interpreted as having the endorsement of that Society. I believe 
it should be clearly stated that this C.W.S. plan is presented 
only as information about a plan used in one specialized in- 
dustry, or even as not being recommended for use in foundries. 
In my estimation, there is always a risk in cases, such as, that 
programs reported in this manner may be adopted without 
adequate study and advice which could be harmful. 


AuTtHor’s Repty: The C.W.S. Plan was embraced by the Steel 
Workers Union in general, and this group contains members in 
many, plants other than Steel Mills. Approximately one and a 
quarter million members were involved in the Plan. The 
description of the plan as presented in this paper does not imply 
endorsement by the author or by AFS. It is merely presented as 
information on a system which was installed’ with reasonable 
success, and it is recognized that adaptation techniques are 
always necessary before attempting to use information of this 
type in other industrial areas. It is also suggested that there is 
little chance of usurping management prerogatives if a cost limit 
on the program is agreed to before hand, setting out the rela- 
tive positions. 

L. GREENSLADE:34 In your experience have job evaluation tech- 
niques been applied to supervisors? 

A. G. McNicnHo.t: Yes, although it is usually handled by evalua- 
tion by immediate superiors, particularly if they are promoted 
from hourly rate jobs. However job evaluation of supervisors 
may detract from emphasis on management status and tends 
to de-emphasize individuality. The evaluation becomes more 
difficult as more responsible positions are approached. Going 
beyond General Foremen is not recommended. 

L. H. Price:36 Why do you feel job evaluation should not be 
taken beyond the General Foreman’s classification? 

A. G. McNicHoL: As you go up the ladder of responsibility, the 
need arises to evaluate the person rather than the job, since 
in more responsible positions the person “makes” the job and 
greatly determines the contribution being made. However, where 
evaluation is used, establishment of over-lapping ranges is help- 
ful to allow for varying abilities to make contributions to the 
administration of the company. It is also difficult to place men 
holding respofsible positions accurately within the ranges, since 
the law of supply and demand will sometimes dictate actions 
rather than prescribe procedures. 

E. Hervey:37 Do you think a job evaluation system could be 
developed by a “Trade Group” to minimize expense of instal- 
lation in a small foundry? 

A. G. McNicHoL: Only the broad skeleton of a plan could be 
prepared for use by each of the small foundry members. The 
plan and installation must be tailor-made for the plant and 
circumstances involved to be completely successful. 

MemsBerR: Do you expect reasonable consistency in supervisory 
evaluation? 

A. G. McNicxot: Job evaluation is not a strictly scientific tech- 
nique but is based on organized and selective opinion which 
makes it necessary to establish over-lapping ranges. 

S. Gresons:38 How do you handle transfers when a man’s job is 
changed? 

A. G. McNicHov: Transfers involve bringing the man moving 
into the higher paid job up to rate immediately but the reverse 
is not always true. Changed jobs should be re-evaluated im- 
mediately as they become apparent. 

Memser: What type and nature of grievances would be expected 
in relation to installation of a job evaluation program — before 
and after? 

A. G. McNicHoL: Before job evaluation, the Union usually pre- 
sents lengthy lists of grievances on rates of pay with reasons as 
they see them. In order to settle them, lengthy bargaining and 
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arbitrary decisions result. With job evaluation in operation, it 
minimizes the grievance problem by dealing in “packages” and 
making reference to rates and job specifications already estab- 
lished and recognized by both parties. 


Presiding — J. A. Westover, Westover Corp., Milwaukee. 
J. Taytor, Norris & Elliott, Inc., Columbus, Ohio. 

Industrial Engineering in the Foundry Industry, M. T. SELL, 

Sterling Foundry Co., Wellington, Ohio. 
Mr. Lateia:39 Could you have made charts showing the rela- 
tive use of different kinds of incentive systems? That is, what 
per cent had piece work, what per cent had standard hour, etc. 
M. T. Sex: I had considered that possibility, but discarded it 
as many foundries use more than one plan, and it would have 
required several additional charts to cover this one item. In 
addition, many replies were not sufficiently detailed to properly 
evaluate this subject. 
Mr. OcBorn:40 Was there any noticeable trend toward more use 
of standard data and less use of timestudy? 
M. T. Seti: The trend is definitely toward more use of data. 
Mr. Harner:41 Where standards or piece prices were set by data, 
are there also checks made by timestudy? 
M. T. Seti: There was nothing in the data received to indicate 
such a practice. 
Work Measurement for Pour and Shakeout, R. S. CAsciari, 

Lebanon Steel Foundry, Lebanon, Pa. 
Mr. Meapve:42 You mentioned using a group timing technique. 
Did you follow any particular one, and are articles or writeups 
available on the procedure used? 
R. S. Casciari: Yes, writeups are available from the Methods 
Engineering Council. 
Mr. TAyYtor:43 What union was involved, and was there any 
understanding of a mean performance? 
R. S. Casciari: It was the Steelworkers Union, and there was an 
understanding that the mean performance would be about 25 
per cent. 
MemMBeER: Am I correct in my understanding that only two hr 
per day are required to compute standards? 
R. S. Casctari: Yes, that is correct, because the form used has 
all the data printed on it. 
Mr. Taytor: Do you use a routing that is predetermined? 
R. S. Casciari: No, the routings are not fixed. 
Mr. LaTeta:389 Since most of the work was done by work 
sampling, and only a small portion by timestudy, how long did 
it take to do the complete job? 
R. S. Casctarit: The actual work sampling took about three 
weeks, and the complete job required a total of approximately 
six weeks. 
Mr. Becker:44 (1) Is the allowed time assigned by flask or mold 
size? (2) Does allowance change with the size of the crew? 
(3) What is optimum crew size?, 
C. §. Casciari: (1) Time allowances are assigned by mold size 
and number of men in crew. (2) Yes, the allowance will vary 
with the size of the crew due to the reassignment of duties. 
(3) The optimum crew size is six men. 


Light Metals Division 


Presiding —R. W. Huser, U.S. Naval Research Laboratory, 
Washington, D.C. 
J. G. Kura, Battelle Memorial Institute, Columbus, 
Ohio. 

Secretary — W. E. Lussy, E. I. DuPont de Nemours & Co., Inc., 
Wilmington, Del. 

Inclusion Identification in Magnesium Alloy Castings, B. 
LacowskI and W. A. PoLLarp, Department of Mines and Tech- 
nical Surveys, Ottawa, Ont., Can. 

E, F. EMtey45 (Written discussion): Producers and users of mag- 

nesium zirconium alloy castings will be grateful to the authors 

for having carried out this work and published their results. 
As the authors indicate we came across lamellated inclusions 
in wrought alloys some years ago, and found these were caused 
by reaction of magnesium with siliceous mold dressings. We also 
encountered occasional “ring nebulae” markings on radiographs 
of sand castings, and we found these to consist of spherical 
shells of zirconium-rich particles containing fine skins and lam- 


ellated constituents. Shortly after my paper appeared in 1949, 
my colleague P. A. Fisher suggested that the “ring nebulae” 
were sand grains which had become trapped in the metal and 
had partly reacted with it. He proved the point by stirring some 
sand grains into molten zirconium alloys whereupon typical 
“ring nebulae” inclusions were obtained. 

This information was passed on by Magnesium Elektron, Ltd. 
to its licensed customers at that time. Some years later Mr. 
Fisher and I published a paper! showing the radiographic ap- 
pearance of sand inclusions and referred the reader to my earlier 
paper for the characteristic lamellated appearance under the 
microscope. In view of occasional doubts and other explanations 
of the nature of these inclusions, it is a good thing the authors 
have cleared up the matter once and for all. 

It is interesting to compare the micrographic and radiographic 
appearances of the same inclusion, and I am indebted to Messrs. 
I, J. Birch and J. I. Ball of Bristol-Siddeley Engines, Ltd. for 
permission to submit Figs. 1 and 2. The relationship between the 
shell of zirconium rich particles and the bright ring appearing 
on the microradiograph is clearly seen. It appears from Fig. 3 
that the ring itself consists in part of Mg- RE compound with 
associated zirconium silicide precipitate, and this probably ex- 
plains the concentration of rare earth metals in the shell which 
the authors observed. 

One feature which can hardly fail to surprise the visitor from 





1. E. F. Emley and P. A. Fisher, J. Inst. Metals 85, 249 (1956/7). 
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Fig. 1— Photomicrograph of sand inclusion in ZRE1 
(EZ33) alloy. Unetched. 100. 





Fig. 2 — Microradiograph of same inclusion. 100. 











Fig. 3 — Photomicrograph of shell of sand inclusion in 
ZRE1. Etched in nital. 1200. 


England is the much greater incidence of sand inclusion troubles 
in the U.S.A. In England sand inclusions are an occasional 
curiosity whereas in U.S.A. they can amount to a serious prob- 
lem. We wonder to what extent this can be attributed to differ- 
ences in sand composition and to running and gating methods. 
We should also like to know what practical steps the authors 
recommend to minimize sand entrapment, and whether they 
have tried various mold sprays. 

The authors’ use of a travelling micro-spark to examine in- 
clusions is a useful technique, and with the recent development 
of micro beam x-ray analysers it should now be possible to 
determine quantitatively what the various individual lamellae 
are. 

Type II inclusions appear to be of the normal nondissolvable 
type. In our experience these consist of zirconium with small 
amounts of iron, hydrogen and other alloying inhibitor ele- 
ments, and are not encountered in sufficient amounts to be of 
practical significance in castings unless of course the crucible has 
been overpoured. We would not feel so sure as the authors that 
the iron causing the precipitation must have been introduced 
during or after pouring. However, in large castings in Z5Z there 
is no doubt that zirconium-rich particles do form in the mold 
owing to the slow cooling. These contain zinc and will redis- 
solve on heating to pouring temperature. 

Type III inclusions look similar to Zr-Al particles made by 
adding aluminium to zirconium alloy melts,2 and there seems no 
reason to doubt that the authors’ explanation of them is correct. 
Would the authors care to comment on the use of exothermic 
sleeves with magnesium alloys in general? 


H. MILLwarp46 (written discussion): We at Sterling Metals ap- 
preciate the interesting paper produced by the authors on a 
subject which is always before those who make magnesium alloy 
castings, especially those containing zirconium, and more so if 
they contain also R.E. metals or thorium. 

The high reactivity of these metals makes it vital to control 
very carefully all materials 2nd processes which can lead to 
trouble with “inclusions” of one kind or another if incorrectly 
used or applied. Of the type of inclusions mentioned in the 
paper, we are familiar with only two (i.e. No. 1 and 2), and 
although we have seen an example of No. 3, the reason for its 
occurrence would not be the same as indicated in the paper. 
Now to consider each type of “inclusion” separately. 


TYPE 1 INCLUSIONS 
We fully agree with the authors that this type of inclusion 
results from reaction of molten metal with sand or similar 
particles and up to the present time we have only seen it in 
alloys containing thorium, and most frequently in alloy HZ32A 


2. E. F. Emley, J. Inst. Metals, 75, 481 (1949). 
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(ZT.1). We are of the opinion that this is so, simply because 
the thorium containing alloys are the most reactive and 
“searching.” It is essential, therefore, to ensure that molds are 
free from loose particles of sand or similar matter immediately 
before pouring, and we have practically eliminated this type of 
defect in recent months by covering riser cavities as soon as 
molds have been assembled and blown out, to prevent sand 
particles falling in from the atmosphere. We do not appear to 
suffer greatly from sand particles being swilled off from the 
runner system or other parts of the mold during pouring, and 
this raises the question of our sand practice which varies con- 
siderably from that used in U.S.A. Our sands contain approxi- 
mately 5 per cent sulfur, 0.25 per cent boric acid and only 0.1 
per cent glycol, and this mixture could conceivably offer greater 
resistance to “swill” than sands containing much lower sulfur 
and considerably higher glycol as used in U.S.A. As to the 
method of formation of the type 1 inclusion, we are of the 
opinion that the probable initial reaction occurs one stage prior 
to that mentioned by the authors since magnesium and silica do 
not readily react at normal pouring temperatures. Our inter- 
pretation is: 
Mg. + O = Mg.O + Approx. 2000 C 

The temperature reached locally would account for the for- 
mation of all the items indicated by the authors in the case of 
each individual inclusion. Incidentally, the brown lamellas could 
possibly be magnesium sulfide, or sulfides of the other metals 
present. 


TYPE 2 INCLUSIONS 

Again we have seen “inclusions” which have the same sort of 
appearance as those given in the paper and they occur in all 
alloys of magnesium zirconium type which we use for castings 
including ZK51 (Z5Z). Up to the present time, however, we 
have not found any appreciable amounts of iron associated with 
them. It may be interesting to note that we do not use screens 
or steel wool in any of our running systems and this fact, to 
some measure, might account for our findings. We tend to think 
that the particles we see are either undissolved primory zirconi- 
um or reprecipitated soluble zirconium or zinc zirconium com- 
pound, the precipitation or migration of these latter particles 
being brought about by peculiar local temperature conditions or 
possibly hydrogen from steam in the mold. We can confirm that 
local coarsening of the grain does occur im such cases which can 
give the appearance of porosity on x-ray negatives. Micro- 
examination, however, shows these areas to be quite sound in 
practically all cases. 


TYPE 3 INCLUSIONS 
We have seen this type of “inclusion” but once. This was 
from a melt deliberately contaminated with aluminum immedi- 
ately prior to pouring. It did result in coarsening of the grain 
as indicated above. We do not use exothermic sleeves at Sterling 
Metals. 


EFFECT ON MECHANICAL PROPERTIES 

Type 1 —is undesirable and can result in considerable reduction 
in mechanical properties at any temperature as indi- 
cated in the paper. 

Type 2— while not desirable is not always easy to avoid and the 
reduction in mechanical properties is in most cases 
tolerable. 

Type 3 —with only one case of this investigated, we have no 
definite information that could be quoted. 

AuTHors’ REPLy: We appreciate the comments of Mr. Millward, 

and in reply have the following remarks. 

We have not experimented with sand additions to reduce the 
tendency to sand wash, but Mr. Millward’s remarks on the sub- 
ject will be of interest to foundrymen concerned with this 
problem. 

We do not agree that the magnesium and silica do not react 
at normal pouring temperatures. References to the reaction in 
the literature (e.g., Liquid Metals Handbook, June 1952 Edi- 
tion) state that quartz is reduced by molten magnesium at tem- 
peratures as low as 660C. Our work confirms this. We believe 
that the reaction can occur in the absence of oxygen (other than 
that combined in the silica) . 

While it is possible that sulfide skins could form structures 
similar to those observed, we are reasonably sure that in our 
work the lamellas consisted of magnesium oxide. 

In reply to Mr. Emley, we were pleased to have his comments 
and to know that our findings on the sand inclusions are in 
agreement with previous work at Magriesium Elektron, Ltd. 
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In the experimental magnestum foundry at the Mines Branch 
we are not equipped to make castings large enough to obtain 
sand inclusions to an appreciable extent in every case. In the 
commercial foundry at which the problem originated efforts to 
minimize the sand inclusions have been mainly concerned with 
avoiding loose sand in the mold by care in handling after mold- 
ing and avoiding poorly compacted sand on the mold surface. 

The origin of the Type II inclusions is uncertain, but we are 
reasonably sure that they consist of an iron-zirconium compound. 
They did not appear to contain zinc and were not associated 
with flux inclusions. 

We use exothermic sleeves occasionally on magnesium alloy 
castings and, to our knowledge, they are used in commercial 
foundries in Canada. As mentioned in the paper care must be 
taken, when using them with alloys containing zirconium, to 
ensure that the metal in the casting itself does not become con- 
taminated with aluminum. Care must also be exercised in proc- 
essing contaminated scrap. 

Casting Ordnance Type Titanium Parts, H. McCurpy, Bat- 
telle Memorial Institute, Columbus, Ohio and H. ANTEs and 
R. E. EpeLMAN, Frankford Arsenal, Philadelphia. _ 

MEMBER: How much metal is in the casting vs. the weight of 

metal poured? 

R. E. EpELMAN: This varies with the complexity of the casting, 

shape and risering to ensure soundness and the quality of the 

risers to permit their reuse. 

J. Kura:47 Referring to the limitation of size for rammed graph- 

ite molds for the hatch cover, how would segmental graphite 

work? 

R. E. EDELMAN: No research was done on this. 

MemserR: Were you casting under vacuum or inert? 

R. E. EpELMAN: Under vacuum. 

Memser: Was the mass of riser for feeding ease only? 

R. E. EpeLMAN: This depends on the small amount of metal 

available. 

J. SmrrH:48 I would like to report than pertaining to the book- 

ing of rammed molds a steel bar could be used where matching 

is required. 

H. AnrtEs:49 Does the steel rod you mentioned just now localize 

cracking? 

J. Smitu: Yes. 

Factors Contributing to the Soundness of Titanium Cast- 
ings, J. W. SmirH and T. A. HAMM, Oregon Metallurgical 
Corp., Albany, Ore. 

H. Antes:49 How do shell cores hold up on centrifuging? 

J. W. SmrtH: They hold up well in the centrifuge. 

Memper: I« the centrifuge entirely in a vacuum? 

J. W. Smrru: Yes, it is. The hydraulic drive mechanism is in a 

vacuum space. Normal speeds give 10 G to O.D. 

Memser: Is the centrifuge used for tube castings? 

J. W. Smrtu: No. 

Memser: What is the penetration of rammed molds with zinc? 

J. W. Smrrn: Our experience is more limited on this, but I can 

see no difference from titanium. 

Memser: What about the availability and cost? 

J. W. Smrru: This is a difficult question because it was pur- 

chased on a small lot basis. The cost is about $8 to $12 per Ib 

for pump casing and valves. The availability is good. 

MEMBER: How many furnaces do you have? 

J. W. Smtru: Two. One is a vertical, and one is a horizontal. 

We run 6 to 8 heats per shift. 

Memser: Can cracks be weld repaired? 

J. W. Smrru: Yes. Cracks may be, or they may be ground out. 

H. Antes: What is the yield and the ratio of poured metal to 

the total? 

J. W. Smrrn: 400 Ib out of a 450 Ib melt is poured. We believe 

that because we are working a low pressure levels more recycle 

material can be used. A raise in the oxygen level has been noted 
on some materials on successive recycling of gates and risers. 

H. Antes: Do you push maximum power? 

J. W. Smrru: Yes. We use 30,000 amps. 

MEMBER: Do you use superheat? 

J. W. Smrru: Yes. There is a thin skull left as evidence of this. 





H. Antes: What percentage of solids is started in the crucible? 
What is the starting power? 

J. W. SmirH: 20 to 30 per cent solids are used as starting ma- 
terial. I have no data on starting power, but I feel it is high. 
MEMBER: With 0.01 to 0.10 W pressure from 0.04 to 0.006 on 
carbon decrease, no change is seen in oxygen content. 


Memeer: Is difference in weight through centrifuging rate the 
only factor affecting the decrease in porosity? 

J. W. Smrru: Yes. 

MEMBER: Castings at low pressures of 0.01 W still show small 
porosity which tends toward the shrinkage theory. 


Presiding —D. L. LAVELLE, American Smelting & Refining Co., 
S. Plainfield, N.J. 
J. W. Meter, Department of Mines and Technical 
Surveys, Ottawa, Ont., Can. 

Secretary —R. E. EDELMAN, Frankford Arsenal, Philadelphia. 


Porosity Free Magnesium Alloy Castings, Thermal require- 

ments, R. D. GreEN, The Dow Chemical Co., Midland, Mich. 
M. C. FLEMINGS23 (written discussion): This paper presents some 
worth while technical information and should be published. 
However, in my opinion, the author should reconsider his in- 
terpretation of results, and possibly change certain points in 
wording before publication. aus 

Several of the objections which Professor Taylor and I raised 
to the work “Some Principles for Producing Sound AI-7% 
Magnesium Castings” apply here as well. A major objection is to 
the first sentence of the “Summary” (and to earlier related dis- 
cussions) ; this sentence reads “The thermal gradients required 
to produce sound Mg-Al-Zn alloy castings has been established 
as 5 F/in.” The author, in fact, has shown only that these cast- 
ings were apparently sound when examined by ordinary non- 
destructive radiographic techniques. 

Our experimental work has shown that when temperature 
gradients during solidification fall below the order of 100 F/in., 
fine microporosity begins to appear in aluminum castings (of 
alloys such as 195 or 356) ;2 temperature gradients at least this 
steep are also required to produce absolutely sound steel cast- 
ings.3 While we have not examined AZ63A alloy to determine 
the relation between microporosity and thermal gradients we 
would expect that similar results might well be obtained for 
this alloy. 

Since thermal gradients as steep as the above are obtained in 
sand castings only by severe chilling, unchilled sand castings of 
such alloys always possess microporosity. Our experience has 
been that as thermal gradients are reduced from the high 
gradients necessary to produce sound metal (such as 100F or 
greater) , microporosity gradually increases. There is no distinct 
thermal gradient such as the 5F reported in this investigation 
that makes the difference between sound and unsound metal. 
There is, however, a certain point where the microporosity be- 
comes sufficiently severe that it can be detected by nondestruc- 
tive radiography. 

The importance of porosity, such as that described above, is 
that it can have a major effect on mechanical properties even 
though it may be too fine to be visible by ordinary inspection 
techniques. For example, Fig. 13 shows how chilling improves 
the mechanical properties of AZ63A alloy. Mechanical properties 
near a chill are much higher than those from unchilled castings, 
even when the unchilled castings are apparently sound. Some 
of the improvement (as the author points out) may be due to 
improved heat treatability and/or finer grain size. However, in 
our opinion, some of this improvement may also be due to 
reduction or elimination of extremely fine microporosity. 
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AuTHor’s Repiy: The research at M.I.T. on which Prof. Flem- 

ings bases his objections has been extensive and well done. It has 




















certainly shown the importance of attaining directional solidifi- 
cation to produce premium quality, light alloy castings. 

Prof. Flemings’ comments center on two things: The size of 
porosity which can be found by radiography and whether or 
not there is a definite point in thermal gradient which separates 
sound and unsound metal. 

The castings investigated in this work were sectioned into 14- 
in. thick slices. Ordinarily radiography is considered to have a 
definition of 2 per cent. In the case of feathery type grain 
boundary porosity the definition is not as good. As noted in the 
paper, some of the castings were examined metallographically as 
well as radiographically. The metallography was done in a 
random manner to avoid prejudice. Porosity ratings were the 
same in both cases. Even in unchilled castings porosity was not 
observed where thermal gradients were 5 F/in. or greater. 

I concede that there could be some fine microporosity that 
was not seen metallographically. There is almost certainly some 
that could not be seen on the radiographs. However, an in- 
spection method must be practical and radiography has cer- 
tainly been proved in use. 

Our inspection methods showed that 5 F/in. was the minimum 
thermal gradient that would produce sound metal. It is readily 
apparent that a steeper gradient is more desirable. In almost 
any case, steeper gradients must be obtained in most sections of 
a casting in order that a temperature gradient of 5F/in. be 
established in the last portion to freeze. 


Malleable Division 


Presiding — C. R. SORENSEN, National Malleable & Steel Castings 
Co., Cicero, Ill. 
E. A. OLpF1ELD, Chicago Malleable Castings Co., Chi- 
cago. 

Secretary —R. W. MclIntosu, Belle City Malleable Iron Co., 
Racine, Wis. 


White Iron Growth during Malleablizing, N. R. Kettey and 

B. A. Ruepicer, General Electric Co., Shelbyville, Ind. 

J. H. Lansine:50 What type of effects result from self generated 
atmospheres? 

B. A. Ruepicer: Self generated atmospheres are produced by the 
evolution of carbon from the iron and subsequent oxidation of 
this carbon by oxygen or water vapor. Since the carbon is re- 
moved from the iron, the charge shows some decarburization. 
For example, in a batch furnace the self generated atmosphere 
will analyze 60-70 per cent carbon monoxide and a few per 
cent ‘carbon dioxide approximately 4 hr after {heating starts. 
In a continuous furnace such as a roller hearth, a typical at- 
mosphere would be 28 per cent CO, 2.4 per cent COg, 0 per 
cent Oo, 2.4 per cent Hp, 66.4 per cent Ny and dew point of 
minus 5F. The amount of decarburization experienced by an- 
nealing in self generated atmospheres is not severe nor does the 
decarb skin present a problem when the casting is subsequently 
machined. However, where the iron is to be subsequently hard- 
ened as in pearlitic malleable skin, decarburization could be 
undesirable particularly if no machinery is contemplated and 
full hardness to the surface is required. 

To entirely prevent decarburization, malleable iron must be 
annealed in a purified exothermic gas having a dew point of 
approximately minus 40 F, a neutral atmosphere such as nitrogen 
or equivalent. 

J. H. Lansinc: Were all the bars annealed horizontally? 

B. A. Ruepicer: Yes. 

D. L. LAMarRcHE, Jr.:51 What effect had position or placement 
of bars in annealing? 

B. A. Ruepicer: I believe the question should read “What effect 
did position or placement of the test bars have on growth during 
annealing?” 

The answer is apparently none since bars from each supplier 
were placed at different locations during each run. In addition, 
each run contained three bars from each supplier and these were 
dispersed at random in the charge. 

R. W. Hetne:52 Was there any scaling on the test bars? 

B. A. Ruepicer: Some bars had a light surface oxide prior to 
annealing, however, this was ground off in the area where the 
bars were prick marked. After annealing, all of the bars an- 
nealed in purified exothermic gas were completely free of oxide 
or scale. Bars annealed in gravel pack showed some light sur- 
face scaling, but not where prick marked because this surface 
was pre-coated with refractory cement. Bars annealed in gravel 
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using the retort were completely free of surface oxide and 
scaling. 

R. W. Herne: Why lesser growth with higher dew point? 

B. A. Ruepicer: The volume expansion of white iron during 
malleablizing depends on the carbon content. The more carbon 
available, the larger the end product. Water, as oxygen, will 
decarburize white iron during malleablizing. At higher dew 
points there is more water available and thus more carbon is 
removed during annealing. Since there is less carbon left, the 
volume expansion must be less. 

R. W. Herne: Were ends of bars ground? 

B. A. Ruepicer: No. It was determined by preliminary tests that 
the prick mark system gave the same results as ground bars. 
Furthermore, tests wherein no decarburization occurred showed 
growths in agreement with those calculated from theory. Lastly, 
direct measurement of 10 ft chain lengths between links showed 
growth in complete agreement with that obtained on test bars. 
E. WELANDER:53 Is the uneven growth correlated to varying sec- 
tion sizes in the same casting? 

B. A. Ruepicer: No, since at the present there is insufficient data 
to facilitate such as correlation. The only observations to date 
indicate that bars and chain having smaller cross sections grew 
less than larger cross-section bars and chain even though all 
were annealed in identical cycles and atmospheres. 

H. D. McKay:54 Dew point of chambers varies in what per cent? 
B. A. Ruepicer: I do not understand the question. 

H. D. McKay: Will the use of present shrink rule be a problem? 
B. A. Ruepicer: Probably not since the purpose of the wet at- 
mosphere anneal is to obtain growth identical to that in gravel 
pack anneals. If, however, a nondecarburizing atmosphere such 
as purified exothermic gas is used, the shrink rule may have to 
be compensated. 


Mn-Mo Alloyed Pearlitic Malleable Iron Hardenability, Re- 
port of Pearlitic Malleable Committee, R. W. Henge, Univer- 
sity of Wisconsin, Madison. 

J. H. Lansine:50 What hardenability is obtained with molyb- 

denum alone? 

R. W. Herne: The effect of molybdenum alone is shown in the 

alloys treated with about 0.20 per cent molybdenum. The effect 

is small. 

R. A. Ciark:55 What is the hardenability with straight man- 

ganese with no molybdenum? 

R. W. Heine: The effect on manganese was taken up in an 

earlier paper, see reference one of the current paper. 

R. A. Crark: Is there a difference in hardness when quenched 

directly rather than reheated and quenched? 

R. W. Herne: This was not determined. 

P. F. Utmer:25 Is there any specific cause for the spread in the 

hardenability band? 

R. W. HEINE: Austenitizing temperatures of both 1500 and 1600 

F were used. This is the main reason for the spread. The 

higher temperature producing a higher hardness level. 

P. F. Umer: Did you have any difficulty in getting reproducible 

readings with Rockwell C tests? 

R. W. Heine: Generally, no. 

P. F. Utmer: Can this hardness be obtained by direct quench 

without reheating? 

R. W. Heine: It should also be obtained by direct quenching. 

C. L. Apaviasio:56 Was the time at temperature held constant? 

R. W. Herne: Yes. It was held 30 min. 

C. L. Apaviasio: Were differences noted if held different times? 

R. W. Heine: This was not studied. 

C. L. Apaviasio: Would different temperatures make a differ- 

ence? 

R. W. Heine: Yes. 1500 and 1600F were studied with higher 

hardness obtained at higher temperatures. 

C. L. Apaviasio: Were these quenched in water? 

R. W. Herne: The standard end quench test requires a water 

quench. 

C. L. Apaviasio: Were other quenching media used? 

R. W. Heine: No. 

H. D. McKay:54 Is there an increase in gas effect with an in- 

crease in“manganese? 
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R. W. Herne: We did not study this. 

R. Witt:57 Were any tests run with magnesium above one per 
cent? 

R. W. Herne: Yes, as the analysis table shows. 

A. DeSy:21 Was there evidence of retained austenite when 
quenched with high manganese? 

R. W. Herne: No, but some would be expected. 

A. DrSy: Were other combinations of elements tried? 

R. W. Hee: No. 


Pattern Division 


Presiding — M. K. Younc, U.S. Gypsum Co., Chicago. 
N. C. Jones, New York Air Brake Co., Watertown, 
N.Y. 

Secretary — D. C. HARTMAN, Cove Pattern Works, Inc., Cleveland. 


Plastic Patterns New Tools and Materials, F. Kosrz, Ohio 

Metal Fibers, Toledo, Ohio. 

R. LeMaster:58 This paper, “Plastics Patterns New Tools and 
Materials” has been well prepared, and indicates that consider- 
able planning has been given to this presentation. The photo- 
graphs and captions are adequate to explain this process to even 
a novice doing plastic work. The processes described has fit well 
into our operation, and has resulted in greater customer con- 
fidence in our work. When techniques of this type are pro- 
moted, customers become more fully aware of the fact that you 
are actually trying to save them money. Although I have done 
little spraying work in our laminating procedures, I feel that 
the time saved by this process is slightly exaggerated. 

With regard to the stripping of a plastic faced plaster from a 
mold, I think it is important to emphasize that these take-offs 
not be jolted or bumped loose. It has been mentioned that air 
pressure and push-out pins be used, but neglects to tell what 
should not be done. 

The list of plastic faced plaster end uses are mentioned, and 

are quite complete but should include short run drier fitting 
slugs. The paper should be well received and promote a new 
time-saving method so much needed in a trade where labor 
constitutes Our major tooling costs. 
AuTHor’s Reprty: In regard to the amount of time saved by 
spraying the epoxy, I can only say that under ideal conditions 
we feel that this saving is possible. However, under varying 
conditions, such as mold contours and sizes, the savings, time- 
wise, will not be as great. This also holds true in tailoring the 
glass cloth for various laminates. 

As to the lack of information about what should not be done 
when parting a plastic faced plaster, my prime objective at the 
time was to convey to the reader, as simply as possible, this 
process. However, since the question has come up, I think that 
the rule to follow is simply avoid any excessive pounding and 
use the best available mold release. 

Concerning the end uses of the plastic faced plaster tech- 
nique, I think that it would be safe to say that the limitations 
are primarily governed by the combined physical properties of 
the plastic and plaster combination and the ingenuity of the 
person using it, rather than any specific application. 

I only hope that this paper. has in some way helped to pro- 
mote the plastic pattern industry. 


Plant and Plant Equipment Committee 


Presiding — J. THOMSON, East Chicago, Ind. 
* H. W. Jounson, Wells Mfg. Co., Skokie, Ill. 
Secretary — W. B. Huetsen, Caterpillar Tractor Co., Peoria, Ill. 


Shell Mixing Processes and Equipment, For quality control 
of resin coated sand, J. ALBANESE, Acme Resin Co., Forest 
Park, Ill. 

G. CrEpin59 (written discussion): In the above article the fol- 

lowing statement is made when discussing the cold coating 

process, “The slow speed mixers have not met with much suc- 

cess as process time is long, and is extremely difficult if not im- 

possible to remove the last traces of volatiles” later statements 

infer that satisfactory results are attained if warm air is intro- 
duced during the mixing cycle. Yet mullers are using the cold 
process successfully in many plants without the advantage of 
heated air. 

Operators report that the warm or cold process can be per- 





formed successfully in muller type mixers with nontechnical per- 
sonnel since over mulling is not critical and since many resins 
with “built in” stick or melt points are available. 

AuTuHor’s Repty: It is quite true that many foundries are satis- 
factorily using the cold coating process for the production of 
coated sand. It is still felt, however, that the warm coating 
process offers a more efficient method of coating sand. 

Mr. Marr:60 Which is the best method for breaking the sand 
lumps at the end of the shell sand mixing process—roll crushing 
or screening? 

J. ALBANESE: I do not know of any foundry using roll crushing 
by itself to break up lumps. In most cases, the roll crusher has 
been used in combination with the screen, or a screen alone is 
used. If the quantity and size of the lumps coming from this 
mixer are large, then the combination system would be better. 
MEMBER: What happens when hexa is added while the sand is 
too hot? 

J. ALBANESE: If the sand is above a temperature at which the 
hexa wili react with the resin, the sand will increase in melt 
point and will have a low tensile. 

MEMBER: What is the ideal sand temperature for adding hexa? 
J. ALBANEsE: Hexa should always be added when the sand tem- 
perature is below 210-220 F. At this temperature there is little, 
or no reaction with the hexa, and the melt point will remain 
constant. 

H. W. JoHNson:61 What clay content is permissible in sand that 
is going to be used in the shell process? 

J. ALBANESE: 0.8 per cent. 

MemMBeER: What will improve the thermal cracking characteristic 
sand? 

J. ALBANESE: This is, no doubt, the major problem in shell mold 
production. Among the factors which have been found to in- 
fluence cracking are: 1) resin modification, 2) decrease hexa, 3) 
use of sub-angular or angular sands, 4) use of additives such as 
wood flour, silica flour, iron oxide, etc., and 5) the rate and 
degree of cure of the mold itself. 

A. Marueson:68 If caking or clumping in the storage hopper or 
container is a problem following the shell sand mixing opera- 
tion, the following process has been used successfully at the 
John Deere Co., Moline plant. Cut the top out of a 55 gallon 
steel drum, fasten a circular piece of fine mesh screen wire 
around inside of the drum near the bottom. Fasten a piece of 
canvas to the top of the screen and provide a means of intro- 
ducing air either from a blower or compressed plant air at the 
very bottom of the drum on one side. 

Shell sand can be placed on top of the canvas and air blown 
through the sand from underneath. The blow of air will rapidly 
remove any volatiles remaining from the mixing operation and 
also reduce the sand temperature 25 F in 4 min. 

MEMBER: Which grade of calcium stearate is best to use in shell 
sand, fusion type or precipitated? 

J. ALBANEsE: A precipitated calcium stearate may tend to have 
more alkaline material than the fusion types. If such is the case, 
a fusion stearate would appear to be better, but we have not 
noticed any significant difference between the two materials in 
actual practice. 

S. P. Jones:62 Should shell sand age after cold coating? 


J. ALBANESE: Shell sand which has been cold coated usually shows 
an improvement in performance after a 4 to 24 hr aging period. 
This will oftentime depend on the humidity or the conditions 
of coating. Beyond that point, almost all coated sands are stable 
for a period of years, provided they have not been exposed to 
high humidities, 


Sand Division 


Presiding —R. H. O_mstep, Whitehead Bros., N.Y. 
C. A. Robeck, Gibson & Kirk Co., Baltimore, Md. 
Secretary — G. DiSyLvestro, American Colloid Co., Skokie, Il. 
Sand Angularity and Shape Factors, Surface area measure- 
ments and experimental relationships, G. J. Vincas and 
A. H. Zrimsek, Magnet Cove Barium Corp., Arlington Heights, 
Ill. 


THEORY 
F. HOFMANN®3 (written discussion): The permeability test for 
measuring specific surface values of sands was not designed to 































test granular materials of long cylindrical or of long prismatical 
or pyramidal shapes. All natural silica sands consist of fairly 
isometric grains, but never of cubes nor of long cylinders, etc. 
The test does not want to distinguish or even to describe shapes, 
but only to give average angularity data on silica sands. 

The theoretical discussion of the authors of the above men- 
tioned paper on angularity factors of various simple euclidean 
shapes certainly are evident. Comparing the angularities of 
spheres with the diameter d, and of cubes with the edge length 
d, of course an angularity factor of less than 1 (0.75) will result 
for cubes, although they are more angular. This theoretical 
interpretation, however, is based on the assumption that a sand 
composed of uniform cubical grains of an edge length would 
pass as easily through a sieve with the mesh size d, as would a 
sand of uniform spherical grains with the diameter d. 

As a matter of fact, the cubical grains would behave quite dif- 
ferently. Any sand composed of ideally cubical grains of various 
sizes would not produce a grain size distribution based on the 
edge lengths of the cubes. Only grains considerably smaller than 
those of the edge length d would pass the sieve with the mesh 
opening of d. 

This discussion clearly shows that the theoretical calculations 
of the authors are of purely academical interest. 


EXPERIMENTAL DATA 

The experiments of the authors, carried out with various 
materials, but with one screen size fractions only, again can pro- 
duce misleading results. I suppose that the various specific gravi- 
ties of the materials tested have been checked and considered 
(salt, zircon, olivine), and that equivalent amount of materials 
have been compared in the permeability test. 

It must be borne in mind that the actual medium grain size 
diameter of one screen size fractions must not necessarily be 
identical for various materials. The range between two consecu- 
tive sieves is wide enough to permit considerable variations in 
grain size distribution even within a one screen fraction. This 
holds particularly true with decreasing grain size. 

Table 3 compares values obtained with one screen fractions 
of various fineness ranges, which should not be directly com- 
pared. There is no common base of comparison with the ma- 
terials in Table 3. 

It is by far more accurate to determine the theoretical specific 
surface values (spherical shape assumed) of a natural grain size 
distribution, than of a one screen fraction where the actual 
medium diameter is not known exactly. In the case of a wider 
distribution, the possible error is compensated. If one screen 
fractions are to be tested for Sth, the screen fractions should even 
be split up by intermediate sieves. It is extremely difficult to 
produce true one screen size fractions, the more difficult, the 
finer the material. 

In the case of NaCl, the hygroscopicity of the salt may pro- 
duce stickiness, and the tendency to produce agglomerations and 
to stick to the sieves must be considered. NaCl salt when being 
screened definitely behaves differently from silica sands. Further- 
more its specific gravity may vary considerably (moisture, grain 
porosity, etc.). These factors may also influence packing density 
and air flow during the perm test. I therefore do not consider 
NaCl as an ideal material for comparison with silica sands. 

Similar objections hold true for the glass spheres which are 
extremely difficult to handle and show a peculiar behavior when 
being screened (jumping tendency, complete roundness and 
polished surface). 

In the case of zircon sand, the photographs of the authors 
show that in the main grain size fraction (140 to 70) most of the 
grains are pretty well rounded, and even in the small fractions 
there is still quite a high amount of round grains. Screening 
zircon sand is different from screening silica; the high specific 
gravity of zircon and the smooth surface make it behave quite 
differently during sieve analysis. This is only one fact up to now 
neglected when doing sieve tests. 

Furthermore the main grain size fraction of zircon sands lies 
between 140 and 70. A one screen fraction artificially produced 
between 200 and 140 will therefore be relatively coarse, i.e., 
most of the grains of the interval will be on the 140 mesh side. 
This will result in a relatively low actual surface area, but this 
fact is not considered when calculating Sth. The angularity 
value of only 0.72 most partly result from that fact. 

All the remaining angularity factors in Table 3 seem to me 
quite reasonable, although resulting from various one screen 
fractions. Limitating the use of our apparatus to determinations 
with silica sands definitely produces reasonable angularity data, 
which have been clearly proved by numerous investigations with 
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a great variety of natural sands in our laboratory. It also worked 
with crushed materials. 

The purpose of the specific surface tester is by far not only 
the determination of angularity factors, but of specific surface 
values as such. Combined with our new test on water adsorp- 
tion of sands, it offers quite new possibilities to evaluate sand 
properties which were not tested before, and it is capable to 
give accurate data on core binder consumption (see my paper, 
AFS TRANSACTIONS, vol. 67, p. 125 (1959), containing all the neces- 
sary data on this subject). Specific surface and compactability 
of sands are also closely interrelated. 

AuTHors’ Repty: The writers wish to thank Dr. F. Hofmann for 
his comment and views on this paper. 


THEORY 


From the first comment we disagree on semantics. Angularity 
factors should express deviation from sphericity and not a num- 
ber based on the undefined term angularity. We agree that the 
method does not describe shape, although Dr. Hofmann’s paper 
is entitled, “Experimental Determination of Specific Surface and 
Grain Shape of Foundry Sands.” 

Usually experimental work, research and development, is based 
on sound theoretical concepts. Any assumption must be proved 
before any useful application is derived. 

Dr. Hofmann still confuses the concept in his second para- 
graph; cubes, according to the concept, should show angularity 
factors of 1 and not 0.75 (Table 2). 

Comparison of the screening behavior of cubical grains to 
round grains is a matter of statistics. The writers would like to 
remind Dr. Hofmann that the sugar and salt producers are 
using Tyler sieve methods, and that sieve analysis is not a tool 
used exclusively in the foundry industry. The literature on the 
behavior of particles in the process of screening is explicit and 
complete. Therefore, the theoretical calculation presented per- 
tains to’ more than academical interests. Our paper, therefore, 
was presented to rectify a misconception. 


EXPERIMENTAL DATA 


1. The specific gravity of the materials used was considered as 
listed hereunder: 








Material G/cc 
OO ET LT ee 2.15 
IE oi van a i vivn SO eccus cess heel ceiicenel 2.65 
EE, achat as bois cdg edcpokie tubvecccdeone 3.20 
EE < ie uidu dh 04s a6 5 cttuateenseeetnssss te 4.55 
I IE 6 Sal's, waa awa ec ekeree Se cb eee 2.53 





2. The influence of the median grain size diameter of one 
fraction or multiple screen sizes is of the same importance. 

We are at a loss to understand why it is that the theoretical 
specific surface value of a natural grain size distribution is more 
accurate than a one sieve fraction and why does the wide dis- 
tribution compensate for the error? 

We agree with Dr. Hofmann that it is difficult and tedious 
but not impossible to produce one screen fractions. It is no 
more difficult nor inaccurate than obtaining normal screen size 
determinations on which the angularity paper is based when 
calculating theoretical surface area. 

The NaCl crystals were free flowing and oven dried. Crystal- 
line materials of the NaCl type do not show porosity. The pos- 
sibilities of porosity are dependent only on dislocation. For 
sodium chloride these amounts are ridiculously small. 

Dr. Hofmann’s objections on the behavior and peculiarities of 
NaCl, glass spheres and zircon are not connected to screening 
nor the shape factor. 

Jumping tendencies and polished surfaces do not influence 
screening. The only factor of free-flowing granular or fractional 
materials is their size. 

The angularity factor of 0.72 for zircon is substantiated by 
the theoretical concepts as discussed in the “theory” part of the 
writers’ paper. When calculating theoretical surface area, no 
consideration was given to the number of pieces. 

The angularity factors of sands are not satisfactory to the 
authors, especially when subangular sands are shown to be more 
angular than angular sands (referring to the data presented by 
V. Rowell to the Basic Concepts Committee). 

We partially agree that the air permeability method measures 
surface area as such, and the method is greatly influenced by 
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porosity percent, particle shape, distribution, surface condition, 
and density. 

The microscope, in the authors’ opinion, remains as the only 
tool to describe shape and particle porosity. 


F. HorMaNnn83 (written discussion): I have tested a sample of 
rather well crystalized sodium chloride NaCl for angularity, with 
the following result: 








cm2/g 
Actaaml Gpeckhe Basta. oo. oon. 6 oes ese ccaesi 85.44 
Theoretical Specific Surface ................. 54.75 
Coefficient of Angularity .................... 1.56 





The theoretical angularity of a cube with the edge length d 
compared with a sphere of the diameter d would be 


surface area of the cube 6d2 


surface area of the sphere pi d? pis 





Considering the diagonal diameter d instead of the edge for 
the cube, the angularity factor will be 1.7 which conception 
would be more reasonable (see also Bock report). 

The experimentally found angularity of 1.56 for rock salt as 
above definitely checks reasonably well with the theoretical cal- 
culations, especially after considering the fact that the edges 
of the salt particles of our sample were slightly rounded. 

Along with the many sand samples we have tested, the NaCl 
cube test certainly proves the ability of our permeability test to 
check roundness degrees of granular material, on condition it 
is carried out according to our method, by experimentally de- 
termining actual and theoretical specific surface areas and not 
only by purely theoretical considerations. 


AutHors’ Repty: The writers wish to thank Dr. Hofmann for 
his further comments on our paper. 

However, when checking angularity we use the formula he 
already submitted in his paper, i.e.: 


E-= Sw 
~ Sth 
E = angularity. 
Sw = actual surface area. 
Sth = theoretical surface area assuming the particles 


were spheres. 


f of cube 6d? 
The E factor is not —— oo =— = 19 
surface area of sphere __ pi d? 
as the above is not calculated per unit weight. The theoretical 


calculation is slightly more complicated, i.e. 





__ surface area of cube/gram (1-1) 
~ surface area of sphere/gram 





We know the material is weighed when calculating the Sth, or 
the Sw for that matter. The surface area of the cube/gram is 


then: 
S = a6d? (1-2) 


where S= surface area, a= number of particles, and d= the 
diameter of the piece. In order to calculate a, we extrapolate 
from the weight as follows: 


P = ad3g (1-3) 


where P = weight or mass, and § = specific gravity, a therefore 
is 
P 
a= a5 (1-4) 
substituting the a to (1-2) from (1-4) 
for the cube 


P 
§= #5 6d? or 
6P 
= — i: 
S ds (1-5) 
for the sphere 
S = awd? (1-6) 


and to obtain a 
P = a! 6rd3§ (1-7) 





extrapolating for a 
6P 


a= rd5g (1-8) 
substituting the a to (1-6) from (1-8) 
6P 
wd3§ 
6P 
s=— 
dg 


$= d? 





Now angularity of the cube will be 


___ surface area of cube/gram 
~ surface area of sphere/gram 


6P 

“a 
“6P_ 

a 





E= = 1.0 


The writers have no doubt that Dr. Hofmann’s results on the 
salt are correct, but the results show that the permeability 
method to even assume surface area is incorrect if made on a 
one point check and not corrected for by the use of Figs. 9, 12 
and 13 that correct inconsistancies of the test for bed height, 
porosity per cent and U.S. screen size. 


W. K. Bock®4 (written discussion): We are in agreement with 
the conclusions reached by the authors, but we note that in the 
first part of their paper, they state that the concept of angular- 
ity factors E=Sw/Sth is invalid because “it cannot distinguish 
nor assign theoretically numbers to express shapes, angularity 
nor deviation from sphericity.” To arrive at this conclusion, 
Vingas and Zrimsek noted first that in screening sand, the con- 
trolling factor is d, the side of the square opening of the sieve. 
They assume that a particle of any shape will pass through this 
opening if two of its three dimensions are d or smaller. By ap- 
plying these ideas to a sphere, a cylinder, a cube, a parallelo- 
piped, two square pyramids and two triangular pyramids, the 
authors found that the angularity factors gave impossible results. 

The caleulations, which led to the above conclusion, were 
based on an assumption of extreme conditions in screening. It 
is the purpose of this comment to show that if calculations are 
based on the assumption of the opposite extreme, the same re- 
sults are obtained and thereby strengthen the stand which the 
authors have taken. 

If Vingas and Zrimsek had chosen a different set of dimen- 
sions, they would not have demonstrated the invalidity of the 
concept of angularity factors. Other difficulties would be intro- 
duced, however. 

In screening spherical particles through a screen with open- 
ings d in. square, a sphere of diameter d will pass through no 
matter how it is oriented. A cube of edge length d, on the other 
hand, can pass through only if it comes down on the screen with 
the cube edges perfectly aligned with the screen opening. Thus, 
out of an infinite number of orientations, only a limited number 
permit the cube to pass through the opening. If the cube is to 
have the same probability of passing a screen opening d in. 
square, as a sphere of d in. diameter, the cube diagonal, not the 
cube edge, must be d in. A similar argument could be advanced 
for the other shapes considered by Vingas and Zrimsek. 

In the work described here, the longest dimension of the 
figure was taken as d. For the cube, this was the diagonal, for 
the pyramids, the long edge, for the parallelopiped and the 
cylinder, it was taken as the length. This latter was a simplifica- 
tion which probably did not introduce enough error to affect 
the argument. There seems to be no need to reproduce all the 
calculations, since they follow the form used by Vingas and 
Zrimsek. The essential results are given in the first table. 

It should be noted in the table that the angularity coefficient 
is 1 for a sphere, approximately 2 for other equiaxed shapes and 
from 5 to 10 for elongated shapes. The per cent sphericity, we 
think, has little meaning, but is 100 for a sphere, 75 to 80 for 
the equiaxed figures and up to 75 per cent for elongated shapes. 

Thus, by taking different limits based on a different concept 
of screening action, it is possible to obtain figures which support 
the validity of the coefficient of angularity and the idea of 
sphericity per cent. 

Unfortunately, there is a complication. Using the dimensions 
proposed by Vingas and Zrimsek, it is clear that any particle 
which passed the n-th screen would not pass the (n-/)th screen 




















Angularity 
Shape Dimensions Coefficient Sphericity, % 
Sphere dia. =d 1.0 100 
—s d 
Cylinder igi 3.0 74 
Cube aiuas d 1.7 81 
; length = te 
Parallelopiped fai a 4 square 10.7 19 
base = d 
Square pyramid 1.8 79 
edge = d 
Square pyramid : ease = ‘ 48 62 
eb d 
, : =d 
Triangular pyramid ale 2.3 75 
base = q 
Triangular pyramid ~ 4 6.8 56 
=d 





(For this argument particles, which are small enough to pass 
both screens, are to be neglected). If the dimensions used here 
are accepted, none of the spheres would pass the (n-1)th screen, 
but some of the particles of other shapes could pass through if 
they came down on the screen with proper orientation. In other 
words, of all the shapes with a basic dimension d, all would 
pass the n-th screen, all the spheres and most of the other shapes 
would be on the (n-J)th screen, but some of the nonspheres 
would be on the (n-2)th screen and maybe on lower screens. 

This fact would not change the geometric results obtained 
here, but in practice would introduce an error if screen dis- 
tribution was used as a basis of estimating particle dimension. 
How great an error would be introduced could perhaps be esti- 
mated by some method such as the Monte Carlo method or by 
laborious measurement of particle size on screening if particles 
of proper shape could be obtained. 

Briefly, if the action of the screening operation suggested 
above is accepted, the anguiarity coefficients and per cent spheri- 
city in the following table results: 








Shape Angularity Coefficient | Sphericity, % 
Sphere 1 100 
Other Equiaxed 2 75-80 
Elongated 5-10 <75 





Thus, it is possible to distinguish three classes of shapes, 
spheres, other equiaxed shapes and elongated shapes. Within 
either of the last two classes, it is impossible to distinguish one 
shape from another. 

Thus, according to the assumptions of the authors, it is not 
possible to use screening tests to distinguish one shape from 
another. According to the assumptions made in this comment, 
it is possible to distinguish one group of shapes from another. 
Unfortunately, the assumptions made have both been of an 
extreme nature and in actual screening practice, the real result 
lies some place between the two. 

Working with this problem has led to some question about 
the definition of angularity. For example, is a cube more or less 
angular than a square pyramid, or more or less angular than a 
parallelopiped. 

With the uncertainty pointed out by the authors and some 
doubt as to the actual definition or means of expressing angular- 
ity, it seems to us that the test proposed by Hofmann is one 
which, if it is sufficiently reproducible, will give a number which 
would have doubtful meaning. Such numbers can only result in 
a delusion of knowledge. 


Autuors’ Repty: The writers wish to thank Mr. W. K. Bock for 
his comment and views on this paper. 

We are in agreement with the theoretical results of using 
diagonals for the cubes and the larger side for the parallelo- 
pipeds, elongated pyramids, etc. Theoretically then, the per 
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cent sphericity becomes valid as the angularity factor still 
confuses the parallelopiped with the pyramids and cylinders. 
The tables included in your comments would allow compre- 
hensive results to be obtained if the probability of the larger 
dimension being the controlling factor was 100 per cent or 
thereabouts. 

However, you express doubt that this could happen. To sub- 
stantiate your doubt, the experimental data in our paper in- 
dicate that screening is controlled rather by the smaller size in 
the case of the pyramid, cylinder or parallelopiped, and by the 
side of the cube instead of the diagonal. 








Bock’s Theoretical 
angularity Actual angularity 
by using angularity by 
diagonals test ex- geometry 
orlargerd perimental (Our paper) 
Cubes (Salt) 1.7 0.98 1.0 
Cylinders (Zircon) 3.0 0.72 0.75 
Spheres (Glass beads) 1.0 1.0 1.0 
Pyramids (Olivine) 6.8 1.53 1.65 





This is true if the larger side is not greater than three or four 
times the smaller side. The weaving of the screens which form 
mountains and valleys usually direct the smaller side of elon- 
gated particles towards the opening of the screen. If the screen 
was completely flat we will get more influence from Mr. Bock’s 
concept. Of course, if the screen openings were round then the 
angularity factor will detect spheres from cubes but will still 
confuse the other elongated or equiaxed shapes. 

The entire argument stated by Carman, Davies, Hofmann, et 
al, is based so much on screening and packing probabilities that 
we cannot conceive how the method could ever be developed to 
produce comprehensive angularity values. It is not based on 
sound theoretical concepts. Simple shapes are confused, and we 
cannot see how we can project it to the more abstract shape of 
sand. 

The argument will end, we are sure, that the figure is better 
than nothing. We are plagued in our industry by so many 
better than nothings that we are always ending in expressing 
opinions rather than facts. 


V. RoweEL®5 (written discussion): I was particularly intrigued 
and flattered that my name was mentioned once in the paper 
and once in the rebuttal. In the bibliography the contribution 
by myself to the discussions in a meeting of the Basic Concepts 
Committee (8-V) was*listed. I privately doubt if it belongs as 
it was not published outside of the Committee. 

In any event, on page 6 of the paper, statements are made as 
follows — “This observed microscopic angularity is not reflected 
in the angularity factor. Also, reference is made to Rowell’s 
statement that sub-angular visually described sands show a 
lower angularity number than an angular sand.” 

Using Dr. Hofmann’s technique for expressing angularity fac- 


tor as E= , I will defend the statement attributed to me 


although it conflicts with the preceding sentence. If you will 
refer to the tabulation of specific surface, theoretical surface of 
equivalent size spheres and angularity factor, along with the 
screen analysis of six different silica sands, I would like to state 
that this data have been submitted to several test audiences 
after asking these audiences to rank photomicrographs of these 
same sands in order of increasing angularity. To date there has 
been no conflict as people who are in the sand business as well as 
others close to this activity, agree that the visual observation 
order of angularity increase is completely compatible with the 
angularity factors given in the table. 

Less formally, I have added a few other sands with the same 
reaction. In other words, Dr. Hofmann’s technique for deter- 
mining angularity factor would appear to be completely com- 
patible with visual observation, and offers the important ad- 
vantage of providing a numerical value for this particular thing. 

In their rebuttal, prepared by the authors, to Dr. Hofmann’s 
commentary, I wouid like to direct attention to the top para- 
graph on page 3—“. . . especially when sub-angular sands are 


shown to be more angular than angular sands (referring to the 
data presented by V. Rowell to the Basic Concepts Committee).” 

This particular data refers, I am sure, to the supplementary 
checking that I did, using Dr. Hofmann’s technique to explain 
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Apparent bulk density and angularity factor for sands tested. 


a sand discrepancy in Dee Rose's excellent study on “Effect of 
Grain Shape on Density and Other Properties.” It has been 
pretty weli agreed by Committee members that grain shape does 
affect density. Mr. Rose synthesized three identical distributions 
for a valid comparison. The discrepancy lay in the apparent 
fact that the sand described as “subangular’” showed lower ap- 
parent bulk density than it should have due to the necessary 
problems in synthesizing a specified sieve analysis. Some grains 
in his subangular factor were fairly well rounded while others 
were quite angular. 

I would certainly agree wholeheartedly with Mr. Rose’s classi- 
fication, based on visual microscopic observation. When put to 
the test of using Dr. Hofmann’s principles, it turned out that 
the “subangular” sand was slightly higher in angularity factor 
than was the sand we agreed would be termed “angular.” 
When an apparent bulk density was plotted against Hofmann’s 
angularity factor, the discrepancy disappeared. This, in my 
opinion, lends further support to the validity of the Hofmann 
technique. 

The sand Dee Rose termed “subangular” contained a wide 
variety of grain shapes, and was difficult to classify by visual 
examination. The three sands employed were subjected to Dr. 
Hofmann’s specific surface and angularity measuring technique 
with the following results (see also the figure): 

















Sub- 
Rounded angular Angular 
Classified by 
Microscopic inspection 
Sw 77 97 91 
Sth 66.04 66.23 63.88 
Measured Angularity 
E 1.17 1.46 1.42 
Sw — measured specific surface. 
Sth — specific surface of equivalent sized spheres. 
E — angularity factor. 
Portage 
AFS Std. Wedron Banding 420  Sec.Std. Bond 
Base Perm 182 27.8 99 88.5 70 78.0 
Wt. of 2x2: 153.5 155 156 166 144 162 
Screen 
Analyses 
20 
a 16 
40 15.2 0.4 2.6 
50 0.4 12 27.4 1.6 25.2 
70 97.4 0.2 30.0 24.6 18.4 36.8 
100 2.2 3.8 52.4 18.6 42.0 23.6 
140 416 13.8 9.0 26.4 8.6 
200 36.4 2.2 2.8 9.2 2.8 
270 14.0 0.4 0.4 1.4 0.4 
Pan 4.0 - 0.4 0.6 _ 
Fineness No. 50 133 70 56 83 59 
Sth 90.4 247 126 98 151 104 
Sw 109 278 157 135 221 135 
E 1.21 1.13 1.24 1.22 1.47 1.29 
Vol./50 gm, 
ml 30 31.9 31 29.5 34.5 30 














Opening, Avg. Opening, 

Screen mm Interval mm cm2/gm 
20 0.833 20- 30 0.711 31.8 
30 0.589 30- 40 0.5015 45.1 
40 0.414 40- 50 0.3545 63.7 
50 0.295 50- 70 0.2515 89.7 
70 0.208 70 - 100 0.1775 127.3 

100 0.147 100 - 140 0.1255 180.0 
140 0.104 140 - 200 0.089 253.8 
200 0.074 200 - 270 0.0635 356.0 
270 0.053 270 - pan 0.0365 619.0 





In the authors’ paragraph just referred to, my intent was not 
clearly and accurately presented. Thus, I felt impelled to offer 
these observations. 


AuTHors’ RepLy: The writers wish to thank Mr. Victor Rowell 
for his comments regarding our paper on angularity. 

The paper clearly shows theoretically and experimentally that 
volume to area relationship cannot describe shapes or assign 
numbers to indicate the presence or absence of sphericity. 

Mr. Rowell will agree that the sand synthesized by Dee Rose 
is not peculiar in having some of its grains angular and some 
round. This is a property that all sands possess (Figs. 11 and 12). 


Presiding —O. J. Meyers, Reichhold Chemicals, Inc., White 
Plains, N.Y. 
H. W. Meyer, General Steel Castings Co., Granite 
City, Il. 

Secretary — J. O. OcHsNneR, Crouse-Hinds Co., Syracuse, N.Y. 


Density — Sand Grain Distribution Effect on Physical 
Properties, T. W. Seaton, American Silica Sand Co., Ottawa, 
Ill. 


A. H. Zrimsek and G. J. Vincas66 (written discussion): The 
writer is to be complimented for his fine job on accumulating 
valuable data. However, the effects of distribution on density 
and physical properties of clay and water mixtures contain too 
many discrepancies, preventing us from being able to draw con- 
clusions. 

The physical properties of sand-clay-water mixtures are de- 
pendent on the water content and the degree of mulling, and 
unless these two properties are varied no conclusions can be 
made as to which sand shape, distribution or size will show in- 
ferior or superior results. 

The words adequate mulling, temper and bond are qualitative 
terms unrelated to any basis, measure or engineering property, 
and they cannot be used unless their effect is first shown. It 
might well be that for maximum properties a different amount 
of clay, water and mulling is necessary. 

Of course, it is not yet proved if high or low properties, 
round or angular sands or high or low clays are the determining 
factors for the manufacturing of a better casting. 


AuTHorR’s Repty: The variables affecting physical properties of 
foundry sand mixtures are well known to me. The conclusions 
arrived at in this paper are valid under present day operating 
methods. The real purpose behind the preparation of this paper 
was to find adequate justification for further researching of the 
subject. In the writer’s opinion, sufficient justification was 
found and future work is already underway. 

With reference to the comments in the third paragraph of the 
discussion namely “The words adequate mulling, temper and 
bond are qualitative terms unrelated to any basis, measure or 
engineering property, and they cannot be used unless their effect 
is first shown. It might well be that for maximum properties a 
different amount of clay, water and mulling is necessary,” a 
search of the literature will show considerable work dealing 
with the effects of mulling, temper and bond on physical prop- 
erties of sand mixtures. A study of this nature was not deemed 
necessary to the preparation of this paper. Insofar as maximum 
properties are concerned, there is little doubt that the sands 
investigated in this work came close to developing maximum 
properties. 

Recent information made available to me, strongly indicates 
that none of the sand mixtures in use in foundries today even 
begin to approach the maximum physical properties possible. 
The information appears to be well founded and as a result it is 
reasonable to question any heretofore published data on physical 
properties of foundry sand mixtures. 




















With reference to the last paragraph of the discussion, no 
attempt has been made in this paper to recommend “high or 
low” properties in foundry sands. The use of the terms “high 
and low” in this respect are ambiguous since obviously no 
standards of comparison have been established. The same holds 
true for comparing round and angular sands or high and low 
clay containing sands. Obviously what might be considered high 
clay pereentage for one sand might well be a low clay percent- 
age for another. Sand distribution becomes an extremely im- 
portant factor in making this type of comparison, and the paper 
supplies sufficient evidence to substantiate this. 


Systematic Approach to Sand Design and Control, A prog- 
ress report, A. H. Zrimsek and G. J. VINGAS, Magnet Cove 
Barium Corp., Arlington Heights, Ill. 

D. C. WiLitaMs®? (written discussion): (1) It is assumed that 
the order of preparation of the sand mixtures was a short mix- 
ing period for the dry materials followed by the water ‘addition 
and continued mixing. What would be the shape of the strength 
curves if the sand and water were first mixed and then the clay 
additions were made? Would you expect the same or different 
results if the mixing order was changed? 

(2) I believe the so called temper point for a sand mixture 
does not lend itself to determination of scientific tests. The 
temper point is determined by the individual by feel which in 
turn is related to whether ones hand is wet or dry and maybe 
his morning cup of coffee was not what he wanted. Also possibly 
the individual has just been upset by an argument with his boss 
or someone at home. 

About the only certain statement that can be made is the 
temper point is at a moisture content which greater than that 
required for maximum green compression. This means that once 
you have determined the temper point any decrease in moisture 
will provide a mixture whose green compressive strength is 
higher than that at the temper moisture. 

(3) In comparing sand mixtures containing western bentonite, 
southern bentonite or fire clay it is desirable to use different 
rates of shear in the clay-water-sand systems. This is why with 
our mixing equipment we use a variable speed reducer and 
vary the speed with the particular clay mineral employed. 

I believe future studies will show the advantage of such speed 
regulation. 

AuTHors’ Repty: Appreciation is extended Dr. D. C. Williams 

for his comments on our paper, “A Systematic Approach to 

Foundry Sand Design and Control.” 

(1) The writers of this paper stated that a thorough research 
project was initiated to evaluate variables in foundry sands. The 
question as to the shape of the curves by reversing the addition 
is presently under study. The purpose of this paper, of course, 
is to eliminate speculation when dealing with foundry sands, 
and any answer at this stage will not be based on any scientific 
fact. 

(2) In case the term temper point does not lend itself to a de- 
termination by scientific means, it should be eliminated from 
the foundry industry glossary. Papers and books were written 
and are being accepted today using this term. The Glossary of 
Foundry Terms distributed by Foundry Magazine defines it as 
follows: 

“Addition of water to and mixing molding sand to obtain 

uniform distribution of moisture.” 

It is the aim of this investigation to eliminate or substantiate 

terms that are presently used. 

(3) Attention should be given your statement by the muller 
manufacturers. We have, however, no data as yet to either sub- 
stantiate or reject your assumption. 


Presiding — H. C. Winte, Florence Pipe Foundry & Machine Co., 
Florence, N.J. 
E. C. Zirzow, Werner G. Smith, Inc., Cleveland. 
Secretary — F. P. GorrrMan, Standard Sand Co., Grand Haven, 
Mich. 


Selected Principles of Soil Mechanics Related to Sand Test- 
ing, Molds and Cores, D. C. WittiaMs, Ohio State Univer- 
sity, Columbus, Ohio. 

H. W. Dterert:68 We recognize that the compression test does 

not give true value since an improper specimen is used. The 

specimen should have a height at least twice the diameter. The 
shear and tensile strength tests are good and more reliable. 
Technically, for research the inherent compression test error 

is important but for routine control it is not believed to be im- 

portant. 
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D. C. WiLutaMs: I agree. The paper gives data indicating present 
squeeze boards should be redesigned, and explains why you can- 
not squeeze in pockets. 


Casting Loss Reduction Program, H. W. Dierert, Harry W. 
Dietert Co., Detroit. 

R. G. Goppinc:69 You cannot be certain that increasing green 
strength will decrease mold wall movement. Mold wall move- 
ment may increase with increasing green strength; it depends on 
how green strength is increased. 

H. W. Driererr: I agree. If toughness is increased mold wall 
movement increases. Control green deformation. Many foundries 
are using a sand having a green strength of 15 to 18, even 20 psi. 
V. Rowe _:69 To reduce mold wall movement you must in- 
crease the green strength in the mold by harder ramming. 


H. W. Dieter: I agree. 


Steel Division 


Presiding — W. Ma Spear, Worthington Corp., Harrison, N.J. 
I. B. ELMAN, International Nickel Co., Bayonne, N.J. 


Secretary — R. L. Lorp, Wehr Steel Co., Milwaukee. 


Oxygen-Gas Burner Use for Scrap Meltdown in the Small 
Are Furnace, V. J. Howarp, Oklahoma Steel Castings Co., 
Tulsa. 

R. Green:70 Will the use of such a burner increase the possi- 
bility of developing a hang-up? 
V. J. Howarp: Quite to the contrary. By using the torch hang- 
ups and bridges can be averted since, in essence, the oxygen-gas 
torch is a large cutting torch which can be maneuvered so as to 
slice through a potential hangup. 
C. HaNney:71 Why use a screen in front of the door? 
V. J. Howarp: The screen shield is used to give the operator 
protection without decreasing his visibility or the maneuver- 
ability of the torch. 
W. Koppt:72 Is the suction hood fan turned on for the complete 
heat cycle? 
V. J. Howarp: Yes, the suction hood fan is turned on for the 
complete heat cycle. 
I. B. ELMAN:73 What are the savings in cost per ton or percent 
savings? 
V. J. Howarp: At present there are too many undetermined 
factors influencing cost that will have to be borne out. Indica- 
tions are that costs will be slightly higher in the melt shop, but 
overall plant costs will be decreased enough to reflect a general 
savings. The prinicipal benefit of the torch is that production 
can be increased on demand without capital expenditure. 

Alloy 20 Stainless Steel Production and Mechanical Prop- 
erties, L. Fink, Electric Steel Foundry Co., Portland, Ore. 

F. Katu:74 Did you find any correlation between carbon and 

weldability? 

C. E. Haney: There are indications that there is a relationship 

with the lower carbon content material being more difficult to 

weld. 

F. KATH: What was your cerium recovery in that part of your 

work related to mischmetal? 

C. E. Haney: At the time we were doing this we did not analyze 

for cerium so we do not have a positive answer. 

F. Katu: In our work with mischmetal we found that recoveries 

were much improved as the temperature of addition was lowered. 

C. E. Haney: We have no comments on this. 

F. KatH: How do you maintain 0.002 per cent lead? 

C. E. Haney: Use electrolitic nickel and copper, and armco ingot 

iron and restrict the amount of return used. No unknown metal 

is used in Alloy 20 production. 

Mr. STEPHENS:75 Have you found any relationship between car- 

bon content and weldability? 

C. E. Haney: Already answered under Question No. 1 of Fred 

Kath. 

Mr. STEPHENS: Is carbon as low as 0.03 a welding problem? 

C. E. Haney: Carbon content in the order of 0.03 would be more 

difficult to weld than one with 0.05. 

Mr. STEPHENS: Do you take any precaution in welding as far as 

pre-heating and post-heating? 

C. E. Haney: No pre-heating or post-heating is used. 
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Mr. ELMANn:73 Where do the weld cracks occur? 

C. E. Haney: In the base metal and heat affected zone. 

Mr. MooreHeap:76 Lead contamination can come from copper 
ingot, and tin from the ferromolybdenum and ferrochromium. 
C. E. Haney: Hot top material can also give contamination. 
Once our returns are contaminated we start over with virgin 
materials. 


Presiding — W. A. Korrt, International Nickel Co., New York. 
S. E. Wotosin, Lebanon Steel Foundry Co., Lebanon, 
Pa. 

Secretary — H. L. Kurtz, Empire Steei Castings Co., Reading, Pa. 


Centrifugally Cast Steel Tubing, Properties and Applica- 
tions, E. D. McCautey, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 


J. F. WaALLAceE19 (written discussion): This paper accurately de- 
scribes a significant development in the casting of steel tubing 
by the true centrifugal casting process. The production methods 
are covered in considerable detail, and the portion on engineer- 
ing applications indicates the potential of this method. 

As a result of his prior work in this field, the discusser is 
primarily interested in the theoretical explanation of the suc- 
cess in pouring thick walled steel cylinders in ceramic molds at 
high speeds of rotation without serious difficulty from longi- 
tudinal hot tears. When steel of this type solidifies, it under- 
goes about a 3 per cent volumetric contraction from the liquid 
to solid state. If the same proportional contraction is obtained 
in all directions, this volumetric ‘contraction will produce ap- 
proximately 1 per cent contraction in the circumference of the 
tube. This contraction is believed to be higher than the amount 
of inward expansion that can be expected from most ceramic 
materials under the most favorable conditions for this expan- 
sion. Accordingly, it is not thought that it is entirely tenable 
that the inward expansion of the mold wall is the entire ex- 
planation for the failure to obtain hot tears. 

It is noted, however, that Fig. 1 of the paper indicates that 
the centrifugally cast tube is partially liquid and partially solid 
or mushy throughout much of the period of rotation. Through- 
out much of this time the metal contains sufficient liquid so that 
hot tears will not develop, but rather the mushy mass will flow 
with the stress in an attempt to relieve it. The liquid-film stage 
believed necessary for hot tearing does not occur at the out- 
side until most of the casting has solidified and most of the 
liquid to solid contraction has taken place. It is the opinion of 
the discusser that the whole casting in its mushy states moves 
out against the mold wall for support during the solidification 
period and is actively supported by the mold wall when the 
liquid film stage of solidification is reached. Such a condition 
would explain the absence of hot tears at high speeds of rota- 
tion. 

If the theory described above is correct, then the centrifugal 

castings produced in ceramic molds should be significantly larger 
in diameter than tubes or solid rounds produced in similar 
static molds of an identical size. Such a condition is not believed 
to be the case in metal molds, and this explains the problem 
with hot tearing in this case. Does the author have any data 
on centrifugal and static castings in ceramic molds that would 
confirm or refute this hypothesis? 
AuTHor’s Repty: Although we feel it is possible for mold ex- 
pansion to essentially compensate for casting contraction in this 
special type mold, we agree with Prof. Wallace that slower 
solidification against the ceramic mold is also beneficial. The 
less drastic solidification mechanism he described admittedly 
may contribute to the success of this new process. 

We are so pleased with the successful resistance to cracking 
we are content to consider both explanations as contributing 
factors. 


Presiding —C. K. Donono, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 
R. L. Lorp, Wehr Steel Co., Milwaukee. 

Secretary — E. W. O’Brien, Oklahoma Steel Castings Co., Tulsa. 


Impact Resistance of Nickel Manganese Cast Steels, I. B. 
ELMAN and R. D. SCHELLENG, International Nickel Co., Bay- 


onne, N.J. 


J. Zotos82 (written discussion): The authors have done a com- 
mendable job in the preparation of their technical report on 
this timely subject of impact resistance. 

Their basic conclusion that silicon-manganese-aluminum de- 





oxidation lowers the impact transition temperature of nor- 
malized. and tempered, nickel-manganese, cast steel is in 
agreement with recent results which we have obtained in in- 
vestigations conducted at the Rodman Laboratory of the Water- 
town Arsenal.1,2 Since the strength levels which are reported 
upon in this technical paper are below those which Ordnance 
has a current interest in, the only comments that can be of- 
fered in this discussion will be to supply supplementary cast, 
low alloy steel data at slightly higher strength levels. 

A recent publication reported mechanical property data on 
several modified 4325, quenched and tempered, cast steels (4 in. 
diameter tests coupons) having a typical analysis of: 





Cc, Mn, Si, Cr, Mo, Ni, Ss, P, 
USS Wa ena, Sa WE We 
0.25 1.20 0.30 0.80 0.40 2.40 0.010 0.010 








that were tested in accordance with Military Specification MIL- 

S-10029 over a range of yield strength levels.1 Extrapolating 

these results to a 0.1 per cent yield strength level of 80,000 psi 

(tensile strength ~ 100,000 psi) the resultant impact strength 

would be in the order of 55 ft-lb at —20F or —29C. Using the 

definition evolved by the authors in their presentation, that 
the 15 ft-lb impact level defines the transition point for the 
cast material, it is evident that this steel has a fairly low 

“transition temperature” which compares favorably with the 

reported results. This predicted low “transition temperature” 

for the 4325 cast steel can be attributed, perhaps in part, to 
its low phosphorus and sulfur content. 

Further evidence of the beneficial effect decreased phospho- 
rus and sulfur content has on the toughness of cast steels has 
been reported in another technical paper.2 This report analyzes 
the direct effect of decreasing sulfur content (0.035 to 0.005 
per cent) on the mechanical properties of the same modified 
4325 cast steel, quenched and tempered to a tensile strength 
level of 133,000 psi. A 133 per cent improvement in the tough- 
ness of this cast steel is realized (18.1 to 42.2 ft-lb at —20F or 
—29C) with the corresponding 0.030 per cent decrease in the 
sulfur content, while maintaining a relatively constant strength 
level. This low sulfur 4325 cast steel should also exhibit a low 
“transition temperature,” which again can be attributed, in part, 
to its reduced sulfur content. 

In conclusion, perhaps the authors (who have not reported 
the sulfur and phosphorus contents of their test castings) could 
evaluate the effect, if any, that reduced phosphorus and sulfur 
contents would have on the ductility and toughness of their 
lower strength cast steels. 

1. Zotos, J., “Effect of Phosphorus and Sulfur Content on 
Ductility and Toughness of Cast Low Alloy Steels,” A.J.M.E. 
Electric Furnace Steel Proceedings, Vol. 16 (1958). 

2. Zotos, J., “Cast Low Alloy Steels Ductility and Toughness, 
Reduced phosphorus and sulfur content significance,” AFS 
TRANSACTIONS, vol. 67 (1959). 


Presiding — L. Fink, Electric Steel Foundry Co., Portland, Ore. 
W. M. Spear, Worthington Corp., Harrison, N.J. 
Secretary — 1. B. ELMAN, International Nickel Co., Bayonne, N.J. 


Basic Oxygen Steelmaking, Its possible future in the steel 
foundry, F. E. VANVoris and J. CRANE, Union Carbide Metals 
Co., Div. of Union Carbide Corp., Cleveland. 


J. K. Srone, Jr.77 (written discussion): It is our opinion that 
the oxygen cost quoted by the authors is high. Our experience 
indicates that if a foundry chooses to install the required seven- 
ton per day oxygen plant on a leased basis it can have oxygen 
at approximately $42 instead of the $72 per ton cost used in the 
authors’ paper. This lower price would reduce oxygen cost in 
the “cost above” for Basic Oxygen (L-D) Steel to $2.80 so that 
cost of liquid metal would be $2.00 less than that shown and 
therefore about equal to that of the arc furnace. These figures, 
like the authors’, are approximations, but I believe they are 
sufficiently accurate to indicate that the “cost above,” and 
capital cost of the cupola-LD combinations are very similar to 
those of electric furnaces of equal capacity. Because of the 
similarity of the L-D and electric furnace figures it is suggested, 
in agreement with the authors, that a careful detailed study of 
all items must be made for each plant as a step in the planning. 
We, for example, know of two cases in which an independent 
foundry consultant computed costs of the cupola-LD combina- 
tion somewhat below those of electric furnaces. 
AutHors’ Repty: Mr. Stone is talking about oxygen cost of 
$0.17 per 100 cubic feet. The oxygen used in our paper was 











$0.30 per 100 cubic feet. These costs are for monthly oxygen re- 
quirements in the hypothetical oxygen-furnace, cupola foundry 
of 3,500,000 cubic feet. In determining our oxygen costs, we went 
to two leading oxygen producers and asked them to give us a 
quote for the above monthly requirement. In both cases, the 
quote was $0.30 per 100 cubic feet. Naturally, it is possible for 
an individual foundry to negotiate a lower cost, especially if its 
oxygen consumption is going to be larger than 3,500,000 cubic 
feet per month. 

We are particularly interested in Mr. Stone’s comment that an 
independent foundry consultant had computed costs for the 
cupola-oxygen furnace combination below costs for the elec- 
tric furnace. It shows that the costs of these two melting methods 
are so close that individual foundry conditions can swing the 
balance either way. Hence the need for a careful detailed study 
by the individual foundry. 


Presiding —D. M. RosensLatr, American Foundry & “Machine 
Co., Salt Lake City. 
. A. Rassenross, American Stee] Foundries, East 
Chicago, Ind. 


Nonmetallic Macroinclusion Causes in Steel Castings De- 
oxidized with Aluminum, Part I, research Progress Report, 
sponsored by AFS Training & Research Institute, L. H. VAN- 
Viack and R. A. FLInn, University of Michigan, Ann Arbor; 
and G. A. CoLtican, United Aircraft Corp., East Hartford, 
Conn. 


Reactions between Refractories and Molten Steel Contain- 
ing Aluminum, Part II, research progress report, sponsored 
by AFS Training & Research Institute, L. H. VANVLACK and 
R. A. Fuinn, University of Michigan, Ann Arbor. 

C. E. Stmsl6 (written discussion): It seems obvious that the 

authors are justified in concluding that the corundum, found 

in the glazed surface of the clay refractory, came from alumi- 
num present in the liquid steel and that it was not part of the 
original clay. An examination of the binary AlgO3-SiO,g dia- 
gram of Bowen and Greig, shown in Fig. 2, Part II, shows that 
an ordinary clay heated to the fusion temperature and then 
cooled will form mullite crystals and silica glass. Cristobalite 
and tridymite will form only with slow cooling. Stable primary 
crystals of corundum will not form until the AlgOg content ex- 
ceeds 72 per cent, and in this region there will be no glass. 

From this it is apparent that the corundum present did not 

form as primary crystals but was never in solution in the glass 

surrounding it. The presence of hercynite substantiates this 
viewpoint. 

The fact that the corundum was found in a glass matrix is 
significant. The authors indicate that the addition of AlpOg to 
clay softens it, i.e., fluxes it. On the contrary the diagram in 
Fig. 2 shows clearly that the addition of AlyOg to a clay will 
make it more refractory. Also, it would decrease and not in- 
crease the amount of glass formed. The glazed surface of the 
clay, the so-called reaction zone, therefore, requires some other 
explanation than attack by aluminum. 

The subject of the attack on refractories by constituents of 
molten steel was reviewed at some length in a paper presented 
early in 1959.1 There it was brought out that manganese in steel 
reacts as avidly and more disasterously with clay than does 
aluminum. The MnO formed acts as a flux to form a low melt- 
ing silicate. 

Even with unkilled or silicon-killed steels, clay nozzles of 
bottom-pour ladles are eroded rapidly. With large heats as much 
as 15 cu in. of nozzle material may be eroded in pouring a heat. 
It is well known that a steel containing 1.5 per cent manganese 
will erode a nozzle much faster than one containing the more 
normal 0.7 per cent manganese. Hadfield’s steel attacks so 
rapidly as to make clay nozzles unusable. 

Some years ago I poured a silicon-killed Grade B steel from 
a bottom-pour ladle into a clean mold machined from graphite. 
At various places on the cope surface there were particles of 
amber colored glass which proved to be a manganese-iron-alu- 
minum silicate, patently eroded fire clay. The stalactites broken 
from the bottom of the clay nozzle were the same material. 

In work done at Battelle Memorial Institute, some clay nozzles 
were made with the seat and bore lined with about 4-in. of 
zirconia. These nozzles did not erode, and when used with un- 
killed steel gave good performance. When used with a steel 
heavily deoxidized with aluminum, however, a layer of material 
built up in the bore, which slowed down the pouring rate un- 
til eventually the nozzle had to be burned out with an oxygen 
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lance. An analysis of some of this built-up layer showed ap- 
proximately: 





Composition, % 
AlyOg SiO2 MnO FeO CaO MgO 
24 21 30 5 14 5 











This appears to be ladle refractory fluxed by reaction with the 
aluminum and manganese of the steel and some furnace slag 
which was in the ladle. It is important to note that it was in 
the bore without benefit of reaction with the nozzle, but un- 
doubtedly was washed into the nozzle from the ladle well. 

This and other observations indicate that, if the bore of a 
nozzle does not erode and slough off the surface, acretions will 
build up and ‘tend to choke it. 

The authors have rendered a great service in emphasizing the 
relation between these cope macroinclusions and the reactions 
of steel constituents with air and with the refractories used in 
handling molten steel. I am happy to learn that they will give 
more attention to the reactions of manganes¢ in future work. 


1. Clarence E. Sims, “The Nonmetallic Constituents of Steel,” 
A.1.M.E. Transactions, 215, 367 (1959). 


A. H. Zrrmsek and G. J. Vincas®6 (written discussion): The writ- 
ers of these papers have to be congratulated for the excellent 
data they obtained, and especially for introducing the petro- 
graphic microscope and its application to the foundry industry 
research. 

Although we agree with the general conclusion that the defect 
is due to the products of deoxidation and reoxidation of alumi- 
num, we cannot completely agree with the rest of the conclu- 
sions reached from the data presented, and with the interpreta- 
tion of the photomicrographs. The structure of any ceramic 
material, like any alloy, is affected not only by the equilibrium 
but also by the TTT diagram. Therefore, the degree of crystal- 
lization and devitrification of each of the specimens shown in 
the photomicrographs is affected by the chemical composition, 
and the heat treatment received. To evaluate the chemical com- 
position strictly from the petrographic microscope is almost 
impossible unless all the specimens were cooled uniformly at 
well above the critical temperature. Even at that, the petro- 
graphic microscope will give an indication of the presence of 
some elements, and the chemical analysis, which is a must, will: 
substantiate and/or determine the system quantitatively. 

Clays which are aluminosilicates when heated, depending on 
their TTT diagram, could also precipitate corundum, exactly 
as martensite could theoretically be precipitated at any carbon 
level from carbon and iron. Therefore, these papers do not 
eliminate or discard the possibility that the clays used for bond- 
ing are not the main source of the corundum encountered in the 
microspecimens. Moreover, the corundum shown in the photo- 
micrographs is in the order of 5 to 25 per cent, and the balance 
of the mixture is classified as a glass. The writers! recently 
analyzed the defect and found it to be: 


SiO, COC Cee ererereesesereseceeseeseeseesees 50 - 60 
os Pee Tear eee en ret 10 - 35 
WAM. .desde tone ciaaMadtskinl. dae 5-25 


which conclusively proves that the defect is primarily due to 
the products of deoxidation and reoxidation of steel. 

After the appearance of a paper in the U.SS.R. blaming the 
refractories for the micro and macroinclusion in ball bearing 
steel, work2 using radioactive tracers was initiated in the U.S.S.R. 
which indicated that the role refractories play in the formation 
of the defect is secondary and that the main cause of the de- 
fect is the manganese, aluminum and silicon. The point we are 
trying to make is that although refractories play a certain 
minute role in the formation of the defect, they are not the 
main source. 

Some small additions to the paper such as a chemical analysis 
will quickly point a finger of guilt at the manganese and silicon 
added as deoxidizers and indicate that silicon and manganese 
killed steel in the absence of aluminum also produces snotters. 
Elements such as chromium, vanadium, titanium and zirconium, 
because of their chemical activity with oxygen at the molten 
steel temperatures, considerably contribute to the formation of 
the scum, nonmetallic macroinclusions, or ceroxide defect. 
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AutHors’ RepLy: We want to thank Dr. Sims for his comments 
for two reasons. First we are pleased to receive his concurrence 
on the conclusion AljOg does not originate solely from the fire 
clay refractories. Second, he has pointed out an ambiguity in 
one of our statements that should be clarified. It was indicated 
that the refractory is first softened and then subject to reaction 
as it is exposed to molten steel containing aluminum. Our 
statement should have been more specific to the point that the 
refractory is softened by the molten steel and then reacts with 
aluminum to get corundum. Dr. Sims is correct in pointing out 
that as the action proceeds, and the AlgOg content of the altered 
refractory is increased, the product becomes more viscous. By 
like token, the reaction cannot proceed until the refractory 
surface is softened by the hot molten steel. 

We are in full agreement with Dr. Sims on the role of man- 
ganese. Also, as noted in our interpretation, we recognize that 
there are advantages to erodable nozzles. It might be desired to 
emphasize one of Dr. Sims’ points by an experiment performed 
a number of years ago by one of the authors. Nonerodable (and 
nonreactable) nozzles (high AlpO3) were used in a double pore 
basket nozzle over steel ingots with large aluminum additions for 
fine-grain control. The nozzle well above one of the nozzles was 
fireclay; that above the other nozzle was kyanite (70 per cent 
AloOg). The first nozzle accumulated an accretion of AlsOg 
within its bore. The accretion was carried down from above as 
evidenced by the greater thickness at the top of the bore. The 
second nozzle which was below the more refractory well, main- 
tained its original contour. This emphasizes that the fireclay 
is a contributor to the nonmetallic material entrained into the 
metal stream. 

It was pointed out in our paper that other compositions, par- 
ticularly high in manganese levels, should be given more atten- 
tion. We are in the process of doing so and we appreciate Dr. 
Sims’ support to this end. 

Mr. Vingas’ and Mr. Zrimsek’s contribution concerning chemi- 
cal analyses are well taken because a chemical analysis can be 
“proof-positive’” on compositions, providing the samples are 
wholly representative. However, the compositional gradients are 
sharp at an altered refractory surface or in an inclusion en- 
trapped between the metal and the mold surface. Not uncom- 
monly, the analyses vary substantially within the dimensions of 
less than one mm (0.04 in.). We have therefore chosen to use 
chemical analyses for qualitative information only, and depend 
somewhat more heavily upon actual observations of phases that 
may be seen through a microscope precisely in the position they 
were located within the inclusion or at the surface. 


Presiding — H. L. Kurtz, Empire Steel Casting Co., Reading, Pa. 
E. W. O’Brien, Oklahoma Steel Castings Co., Tulsa. 
Secretary — W. A. Koppt, International Nickel Co., New York. 


Austenitic Manganese Steels, Some metallurgical factors 
influence, T. E. Norman, D. V. Doane and A. SOLomon, 
Climax Molybdenum Co., Detroit. 


C. B. JENNI78 (written discussion): The authors and their organi- 
zation are to be congratulated for their valuable contributions 
to the literature on austenitic manganese steel. This excellent 
paper is a worth-while addition to their growing work on wear 
resistant materials. Austenitic manganese steel castings were 
among the earliest steel castings produced in this country. Their 
unique combination of mechanical properties has been utilized 
in a number of important applications in considerable quantity, 
yet the published information on this important class of cast- 
ings has been sparse. 

As the authors have pointed out, an improvement in the 
resistance to wear and flow in service would make the austenitic 
manganese steel of even greater value in application requiring 





high toughness and resistance to wear, particularly impact 
abrasion wear. Their use of classic metallurgical studies con- 
cerning the distribution of hard carbides is a logical approach 
to the problem. This permits a quick evaluation of composition 
and heat treatments, and offers a means of preliminary screen- 
ing of results. 

Their comment on the traditional belief in the necessity for 
adherence to a specific manganese-carbon ratio in formulating 
compositions is of interest. They question the necessity for this 
adherence. Is this based on purely metaliurgical considerations, 
or have they included in their evaluation the factors of handling 
problems in the foundry and the effects on service life? 

The authors’ comments on phosphorus are of interest, and 

this brings up the question of the usefulness of A.S.T.M. Specifi- 
cation 128-33. This specification has been in existence since 1933 
and has been unchanged in this long period of time, in spite 
of the fact that much technological progress has been made in 
most areas. Many changes have been made in specifications for 
other ferrous materials, yet there has been no change in the 
austenitic manganese steel castings specification. What is the 
significance of this situation? Does this imply that there has 
been no advances made in the manganese steel casting tech- 
nology, or does it imply that this specification is of no value and 
is not used? The authors’ views on this point would be ap- 
preciated. 
AuTHors’ Repty: We wish to thank Mr. Jenni for his discus- 
sion of this paper. In answer to his comment on manganese- 
carbon ratios, it must be recognized that ratios of about 10 to 
1 have produced satisfactory results, both metallurgically and in 
foundry handling of the conventional Hadfield type steels. How- 
ever, in the formulation of new or modified austenitic man- 
ganese steel compositions to meet specific objectives, the metal- 
lurgical data now available indicate that it is both desirable 
and necessary to depart from the practice of aiming for definite 
manganese-carbon ratios. 

For example, where improvements in abrasion resistance are 
the prime consideration, it appears desirable to increase the 
carbon content of the steel to the maximum safe limits and con- 
currently lower the manganese content to near the minimum 
percentage which can be safely used without too much loss in 
ductility or toughness. On the other hand, where toughness or 
ductility of the steel is the primary consideration, it would be 
aavisable to lower the carbon content down to a range of about 
0.70 to 1.0 per cent, and combine this with a relatively high 
manganese content of about 14 per cent. Where a high yield 
strength is the primary consideration, a high carbon content is 
desirable irrespective of the manganese content. 

It is true that high carbon contents, especially when associated 
with low manganese contents, can cause difficulties in the found- 
ry handling of austenitic manganese steel castings. However, as 
has been indicated in the present paper, substantially higher 
carbon contents can be tolerated in the steel when molybdenum 
is present in the composition. No attempt has been made, there- 
fore, to adhere to specific manganese-carbon ratios in the formu- 
lation of these molybdenum-containing compositions. Foundry 
experience with the compositions commercially produced to date 
has been very satisfactory. 

Mr. Jenni’s comments on the A.S.T.M. specification 128-33 are 
timely. It would appear from the presently available data that 
the maximum allowable phosphorus content of 0.10 per cent 
is too high, while the permissible ranges in carbon and man- 
ganese contents are either too broad or insufficiently specific to 
suit a particular application. Usefulness of the specification 
could probably be greatly improved if several compositions, each 
with relatively narrow ranges in carbon and manganese contents, 
were provided. Admittedly, some of these composition ranges 
would have to be tentative, but at least they would provide 
industry with a number of specific compositions from which 
selections could be made to suit each particular application. 

The practice of selecting specific composition ranges of aus- 
tenitic manganese steel to suit the application already exists, 
but at present such selection, and the associated composition 
range, is largely a matter of individual preference. A series 
of compositions covered by a new A.>.T.M. specification should 
therefore be helpful to both producers and users of austenitic 
manganese steel castings. 
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